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ABSTRACT 
Metal Organic Materials (MOM) are composed of transition 
metal ions as connectors and organic ligands as linkers. MOMs 
have been found to have high porosity, catalytic, and optical 
properties. Here we study the gas adsorption, color change, 
and non-linear optical properties of MOMs. These properties 
can be predicted using theoretical methods, and the results 
may provide experimentalists with guidance for rational 
design and engineering of novel MOMs. The theory levels used 
include semi-empirical quantum mechanical calculations with 
the PM7 Hamiltonian and, Density Functional Theory (DFT) to 
predict the geometry and electronic structure of the ground 
state, and Time Dependent DFT (TD-DFT) to predict the excited 
states and the optical properties. 
The molecular absorption capacity of aldoxime 
coordinated Zn(II) based MOMs (previously measured 
experimentally) is predicted by using PM7 Theory level. The 
3D structures were optimized with and without host molecules 
inside the pores. The absorption capacity of these crystals 
was predicted to be 8H2 or 3N2 per unit cell. When going beyond 
this limit, the structural integrity of the bulk material 
becomes fractured and microcrystals are observed both 
experimentally and theoretically. 
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The linear absorption properties of Co(II) based 
complexes are known to change color when the coordination 
number is altered. In order to understand the mechanism of 
this color change TD-DFT methods are employed. The chromic 
behavior of the Co(II) based complexes studied was confirmed 
to be due to a chain in coordination number that resulted in 
lower metal to ligand distances. These distances destabilize 
the occupied metal d orbitals, and as a consequence of this, 
the metal to ligand transition energy is lowered enough to 
allow the crystals to absorb light at longer wavelengths. 
Covalent organic frameworks (COFs) present an extension 
of MOM principles to the main group elements. The synthesis 
of ordered COFs is possible by using predesigned structures 
andcarefully selecting the building blocks and their 
conditions for assembly. The crystals formed by these systems 
often possess non-linear optical (NLO) properties. Second 
Harmonic Generation (SHG) is one of the most used optical 
processes. Currently, there is a great demand for materials 
with NLO optical properties to be used for optoelectronic, 
imaging, sensing, among other applications. DFT calculations 
can predict the second order hyperpolarizability χ2 and tensor 
components necessary to estimate NLO. These calculations for 
the χ2 were done with the use of the Berry’s finite field 
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approach. An efficient material with high χ2 was designed and 
the resulting material was predicted to be nearly fivefold 
higher than the urea standard. 
Two-photon absorption (2PA) is another NLO effect. 
Unlike SHG, it is not limited to acentric material and can be 
used development of in vivo bio-imaging agents for the brain. 
Pt(II) complexes with porphyrin derivatives are theoretically 
studied for that purpose. The mechanism of 2PA enhancement 
was identified. For the most efficient porphyrin, the large 
2PA cross-section was found to be caused by a HOMO-LUMO+2 
transition. This transition is strongly coupled to 1PA 
allowed Q-band HOMO-LUMO states by large transition dipoles. 
Alkyl carboxyl substituents delocalize the LUMO+2 orbital due 
to their strong π-acceptor effect, enhancing transition 
dipoles and lowering the 2PA transition to the desirable 
wavelengths range. 
The mechanism 2PA cross-section enhancement of aminoxime 
and aldoxime ligands upon metal addition of is studied with 
TD-DFT methods. This mechanism of enhancement is found to be 
caused by the polarization of the ligand orbitals by the metal 
cation. After polarization an increase in ligand to ligand 
transition dipole moment. This enhancement of dipole moment 
is related to the increase in 2PA cross-sections.   
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CHAPTER 1: QUANTUM THEORY FOR THE PROPERTY 
PREDICTION AND ENGINEERING A NON-LINEAR OPTICAL 
MATERIALS PROPERTIES 
 
1.1 Introduction 
 
Everything in our surroundings is composed of atoms, and 
these atoms combine to form molecules. According to the 
composition and shape of these molecules, different physical 
and chemical properties are observed. In order to study 
molecular properties in a plethora of systems, quantum 
chemical theories are applied to predict and exploit these 
properties and apply them into solutions to material and 
engineering problems in multiple disciplines.  
Quantum mechanics as a physical answer to a chemical 
problem, rather than something complex and abstract. The 
studies recompiled in this dissertation are the outcome of 
multidisciplinary research using quantum mechanics to answer 
questions in chemistry, and biology resulting in a doctoral 
degree formally in Chemistry. The calculations performed were 
done via computational methods.  
The use of these methods is possible due to the constant 
increase of computing power, along with the recent 
development of new computational tools which allows molecular 
simulations to explore atomistic details in dept. Most of 
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these computational tools are commercially available 
packages, and have proven to be effective in the study 
chemically relevant problems. The main emphasis of the 
research recompiled here is the application of ab initio 
quantum chemical calculations into the prediction of these 
structures and properties.  
This is important because successful analysis of the 
source of the materials properties can lead development of 
novel materials with the desired properties or the 
optimization of current materials. Therefore, this 
dissertation deals with both published and unpublished 
theoretical aspect of the work performed during my time during 
doctoral studies.  
In chapter two, concerns the application of our 
knowledge of the coordination of bulky ligands into d10 metals 
resulting in a metal organic framework (MOF). This MOF 
provides a loosely packed crystal structure that possesses 
voids within the crystal lattice for inclusion of small guest 
molecules. These types of materials can be used for storage 
or molecules. Consequently, we focus in the study of the 
absorption capacity of these voids for guess molecules in the 
unit cell.  
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For this work, a Semi-Empirical Quantum Chemical method 
were used calculate the structure energetic changes after 
inserting the guess molecules into the crystal structure 
voids. Our calculations were in agreement with experimental 
data, hence we successfully predicted how many molecules 
could fix into the voids of the crystal structure.  
Chapter three with aid our experimentalist collaborators 
with theoretical prediction for their recently synthesized 
compounds. These compounds were transformable 2D Co+2 
coordination polymers and these polymers are based on thio-
nicotinamide and 1,4-benzendicarboxylic acid. They observed 
significant dynamic structural changes initiated by the 
removal of both non-coordinated and coordinated solvent 
molecules, which resulted in an observed color change.  
As a result of that, we had the following goals: 1) to 
predict the structure of a crystal which quality was not good 
enough for the X-Ray diffraction method but lattice 
parameters were measured, 2) to study the mechanism of that 
color change of the crystal structures by analyzing the linear 
optical properties.  
Chapter four study a couple of acentric crystal 
structure to be used for second harmonic generation. For this 
DFT calculations are performed using CPMD software. Optimized 
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materials designed successfully can be used for a diverse 
array of applications.  
Chapter five uses quantum chemical (QM) methods to 
understand the mechanism of non-linear optical enhancement on 
different ligands independently, and on a metal-organic 
complex. The significance of this work lies in the 
contribution of mechanism of enhancement to aid in the current 
demand for non-linear optical (NLO) materials for diverse 
technological applications.  
In the six chapter, the electronic properties of 𝜋-
extended porphyrins are study resulting in the design of novel 
phosphorescent sensors for oxygen imaging to study the brain. 
When designing these sensors, we must take into consideration 
that the light propagation window in biological tissues is a 
complex function of scattering and absorption, which in turn, 
is dependent on cellular structure and molecular composition.  
For this reason, a beam with strong intensity could harm 
the biological tissue. This leads to the need to study non-
linear optical properties such as two-photon absorption (2PA) 
materials for biological applications. 2PA is the 
simultaneous absorption of two photons by a molecular system. 
Our target molecules for the design of 2PA material were 
porphyrins, and during these studies we found the mechanism 
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of enhancement of 2PA cross-sections for the range of the 
wavelength desired.  
In the following chapter we will review the theory and 
methods used to simulate the properties described in this 
work. This includes the basis of quantum chemistry, the 
corrections and approximations used to accurately and 
efficiently describe some the properties materials. In the 
latter chapters the works presented, can be applied for the 
rational design of chromophores and storage materials.  
 
1.2 Wave Function Theory 
 
Ever since Isaac Newton postulated the laws of classical 
mechanics in the seventeenth century, scientist and engineers 
have been able accurately describe the motions of many 
systems. The main piece of invaluable information provided by 
Newton’s classical mechanics1 is the precise trajectory and 
momentum of the system. In addition to that, the energy of 
the system’s vibrational, translational and rotational 
degrees of freedom are able to be excited proportionally to 
the force applied to the system. When the system was excited, 
this transitions occurred from a state 𝑋𝑖 to any other 
state 𝑋𝑖+𝑛 , without having to go through intermediate states. 
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However, in the nineteenth century irrefutable 
experimental evidence demonstrated the failure of classical 
mechanics to describe systems on the atomic level. This was 
clearly shown in multiple experiments attempting to 
understand the behavior of light2-6 shown in many introductory 
chemistry and physics textbooks.  
In order to interpret these experiments, scientist 
required the use of a particle model to describe the results 
obtained instead of the commonly accepted wave model. This 
led to the development of new concepts and equations which 
merged the postulates of the particle and wave models. These 
new set of concepts and equations took into account the dual 
particle-wave nature of atomic particles, and this later 
resulted in the development of quantum mechanics7.  
It is important to note that these new concepts would 
only work for atoms and not macroscopic system like classical 
mechanics. This is because if the wave model is used on an 
object that possesses great mass in respect to an atom, their 
wavelength become undetectably small due to their high 
momentum. Therefore their wavelength are negligible and the 
wave properties are not observed.  
Quantum theory takes into account the dual behavior of 
atoms by replacing the concept of a trajectory in a definite 
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path for the concept of a wave being smeared through space 
(probabilistic). Erwin Schrödinger proposed a partial 
differential equation which leads to the solution of the wave 
function of any system8. In addition, this wave function 
contains all the information that can be known about the 
system it represents. Regrettably, the Schrödinger equation 
cannot be solved exactly for multi-electron systems. 
Therefore, there have been great effort from the theorist in 
the last decades to develop accurate approximations to the 
solutions of this equation. 
 ?̂?𝝍 = 𝑬 𝝍 (1) 
In this equation ψ is the wave function describing the 
particle of interest, ?̂? is the Hamiltonian operator, and E 
is the energy of the system. The Hamiltonian operator 
describes the energy of the system by operating the wave 
function in respect to the kinetic and potential energy of 
the system. After this operation, we shall obtain an 
eigenvalue corresponding to the energy of the system.  
In the set of these E, there must be such E that 
corresponds to the lowest state of our system. If we impose 
our system to the criteria of the variational principle. The 
variational principle implies there must be such function 
that minimizes which minimizes the values of the functions 
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which depends on such function. Therefore, the energy of the 
system must have its minimum value after the operations. Since 
the ground state wave function possesses the lowest energy 
possible, we can clearly conclude that the variational 
principle yields the ground state energy of our wave function.  
 
𝑬𝟎 ≤
⟨𝝍|?̂?|𝝍⟩
⟨𝝍|𝝍⟩
 
(2) 
 
In addition, the quality of the wave function obtained can be 
assessed. The main challenge in this task is that when taking 
into consideration multi-particle systems such as big atoms 
or molecules, a coupled interactions between the attraction 
of the nuclei and the repulsion of the electrons has to be 
taking into account. Therefore, this implies that all the 
particles are coupled to each other, or correlated.  
In order to simplify this the Born-Oppenheimer 
approximation is applied9. The purpose of this approximation 
is to simplify the system by separating the electrons from 
the nuclei therefore uncoupling the system. The fundamental 
though of this approximation lies on the fact that the nuclei 
is much larger than the electron, for this reason we can 
assume that the nuclei is fixed and the electronic movement 
is instantaneous in respect to the nuclei. The Hamiltonian 
operator for this approximation is given by: 
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?̂? =  [?̂? + ?̂? + ?̂?] = [[∑−
ℏ
𝟐𝒎
𝑵
𝒊
] 𝛁𝒊 + ∑𝑼(𝒓𝒊⃑⃑  ⃑)
𝑵
𝒊
+ ∑𝑲(?⃑? 𝒊, ?⃑? 𝒋)
𝑵
𝒊<𝒋
] 
(3) 
Even though this approximation eliminates one factor of the 
correlation, the fact that electrons are correlated to each 
other still remains. In order to build the simplest wave 
function possible, the electron correlation can be ignored 
and the system can be considered as a nuclei and a single 
electron in a three dimensional space. The representation of 
this system must be constructed by finding an arbitrary 
function which can be represented by a linear combination of 
other functions. These other functions are called basis set, 
and for our purposes will represent atomic orbitals. 
Noting that the square of the wave function has units of 
probability density, it is possible to map the most likely 
position of the electron to be found. 
 
𝝍 = ∑𝜶𝒊 𝝋𝒊
𝑵
𝒊=𝟏
 
(4) 
Therefore, the selection of our wave functions must indeed 
allow the electrons to be where the probability density is 
higher. Observing equation 4, it is possible to induct a 
physical meaning for the coefficient as a mechanism to allow 
these N basis functions to be spanned around the molecular 
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orbital space. This approach is the linear combination of 
atomic orbitals (LCAO) 
In 1928 Hartree10 proposed a theoretical approximation 
to solve three body problem on the Helium atom. He took the 
assumption that each electron feels the presence of the other 
electrons on its surrounding as an average (mean) field. This 
theory does not take into consideration the electron 
correlation, but it does provides the foundation of the self-
consistent field method (SCF). This method guesses an initial 
wave function φ for all occupied orbitals, and uses this wave 
function to construct one electron hamiltonian operator Ђ, 
which in turn provides a new set of wave functions ψ after 
operation. This new wave functions ψ are presumed to be 
different and more accurate than the initial wave functions. 
Taking those newly guesses wave functions, the density 
distribution of all the electrons 𝜌 is generate.  
This process is repeated until the new wave function 
falls below a certain threshold criteria, thus yielding a 
final set of wave functions. This final process is referred 
as convergence of SCF orbitals and yields the optimized 
molecular structure of the system.  
The limitation of this theory lies in the fact that 
quantum particles are indistinguishable from one another. 
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Implying that if a molecular orbital which contains two 
electrons, and if these particles must have unique quantum 
numbers, then these two electrons must be antisymmetric to 
one another to have a different spin quantum number11-12.  
Even though relativistic quantum mechanics provided a 
comprehensive mathematical treatment, in 1929 Slater13 found 
a wave to simplify the construction of antisymmetric wave 
function by exploiting algebraic properties of matrices. One 
of such properties consist on taking the determinant of a 
matrix and, forming a permutation, as consequence the 
determinant changes signs. Therefore, an antisymmetric 
condition could be enforced for all the possible combinations 
of the molecular wave function. Shortly after this, Fock 
proposed to extend Hartree SCF theory method to include 
Slater’s treatment into molecular wave functions. As a 
consequence of this the Hartree-Fock method is postulated14-
15. One of the accomplishment of this method is that the 
electrons are become paired up and the correlation disappears 
for the ground state, but this theory leaves a very complex 
set of equations to be solved, leaving physicist with a 
desired to find an simpler alternative to wave function 
methods.  
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1.3 Density Functional Theory  
 
Density Functional Theory16 (DFT) is the result from the 
efforts of finding simpler alternatives to wave function 
methods. Starting from analysis of the nature of the 
hamiltonian operator itself, meaning that the operation 
performed depends on the position and the atomic numbers of 
our molecular system. This means that a hamiltonian operator 
can be built in some way that the electron density 𝜌 will 
have a local maxima which depends on the nuclei coordinates 
acting as point charges. Therefore, this proves that 
information about a system molecular system (wave functions, 
eigenvalues etc.) could be obtained from known electronic 
density, suggesting possible simplifications to the wave 
function theory.  
The way this idea work is by integrating density to 
obtain the number of electrons and then correlating the energy 
to the density. This energy can be obtained by applying an 
external potential (the charges and position of the nuclei) 
to the known density. The first theorem supporting DFT was 
postulated was Hohenberg-Kohn variational principle17. 
Similar to wave function theory, the process starts by 
guessing an initial s density which integrates to the 
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respective number of electrons in the system. Therefore, the 
density will determinate which candidate wave function and 
hamiltonian are the correct candidates to evaluate the energy 
expectation values.  A main assumption to do this is that the 
starting point is an initial guess fictitious system of non-
interacting electrons, which their ground state density is 
exact to some reference system. Similar to wave function 
theory this value must be greater or equal to the ground state 
energy. In order to do this the Kohn-Sham Self-consistent 
field methodology17 is used to solve Kohn-Sham equations such 
as the one as shown in equation 5. 
 Ђ𝝍𝒊(𝒓) =  𝝃𝒊𝝍𝒊 (5) 
This methodology implies that the hamiltonian operator Ђ 
should be built in a way that the potentials are given for a 
non-interacting system of electrons. However, this system is 
considered as a sum of one-electron operators which in turn, 
possesses slater determinant based eigenfuctions. Finally, 
the eigenvalues ξ are the sum of the one electron eigenvalues.  
In order to analyze the terms in our energy functional 
(which is a function which depends on other functions inside 
this function), as shown in equation 6. 
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𝑬[𝝆(𝒓)] =  (∑⟨𝑿𝒊|
𝟏
𝟐𝜵𝒊
𝟐|𝑿𝒊⟩
𝑵
𝒊
− ⟨𝑿𝒊| ∑
𝒁𝒌
|𝒓𝒊 − 𝒓𝒌|
|
𝒏𝒖𝒄𝒍𝒆𝒊
𝒌
𝑿𝒊⟩)
+ ∑⟨𝑿𝒊|  
𝟏
𝟐
∫
𝝆(𝒓′)
|𝒓𝒊 − 𝒓′|
𝒅𝒓′|𝑿𝒊⟩
𝑵
𝒊
+ 𝑬𝒆𝒙𝒄𝒉[𝝆(𝒓)] 
(6) 
In this equation the first term represents the kinetic energy, 
the second the nuclei attraction, the third the electronic 
repulsion, and the fourth term represent the exchange 
correlation energy. This exchange correlation energy is not 
limited to accounting for the difference between classical 
and quantum mechanical electron-electron repulsion, but also 
accounts for the difference in the kinetic energy between the 
guess non-interacting system and the real system. Many 
exchange functionals with different parameters have been 
developed using different approximations and amount of HF 
exchange energies.  
Even though DFT is a powerful exact method, it is limited 
to the ground state, if excited states are to be considered 
a correction to DFT equations must be implemented. Time 
Dependent DFT (TD-DFT) is a correction to the DFT method which 
takes into account the evolution of a system after it 
interacts with a potential. Therefore, TD-DFT obtains their 
stationary ground state from the description provided by 
Kohn-Sham.  
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This density is operated by the time-evolution operator 
and results in a system described as a field that changes 
over time after a perturbation is applied. The Kohn-Sham 
equations for TD-DFT is shown in equation 7.  
 
Ђ𝝍𝒊(𝒓, 𝒕) =  𝒊
𝝏
𝝏𝒕
𝝍𝒊(𝒓, 𝒕) 
(7) 
A significant portion of this dissertation consist in the use 
of TD-DFT for the theoretical prediction of optical materials 
properties such as two-photon absorption. 
 
1.4 Two-Photon Absorption 
 
The main concern of my studies consist in the design and 
optimization of non-linear optical responses, more 
specifically two photon absorbing materials. Two photon 
absorbing materials are materials that absorb two photon 
simultaneously as shown in figure 1. This absorption is 
possible in organic materials due to the nature of π 
conjugation. Conjugated systems can behave like 
semiconductors due to the π orbitals being delocalized and 
moving the charge across the conjugated chain. It is of 
considerable interest to study the charge transfer capacity 
of these compounds as a function of the length of conjugation, 
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symmetry fluctuations, and effects of external fields using 
theoretical methods.  
 
Figure 1 Jablonski Energy diagram describing 1PA and 2PA processes. 
Excited state spectroscopic properties can be studied 
following the density change from the ground state to the 
excited state as consequence of the evolution of the system 
after an oscillating field (such as a laser) and obtain 
spectroscopic information about the compound. Optical 
properties can be described as a susceptibility tensor ξ and 
expressed the Taylor expansion series to obtain the 
polarization vector components 𝑉𝑖 as the dipole moment as a 
unit of volume resultant from the electric field components 
E and η is the dielectric constant as shown in equation 8. 
 
𝑽𝒊 = 𝜼(𝝃𝒊𝒌
(𝟏)
𝑬𝒌 + 
𝟏
𝟐
𝝃𝒊𝒌𝒍
(𝟐)
𝑬𝒌𝑬𝒊𝒍 + 
𝟏
𝟔
𝝃𝒊𝒌𝒍𝒎
(𝟑)
𝑬𝒌𝑬𝒍𝑬𝒎 …) 
(8) 
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In order to ease the computational cost and time this 
expansion is truncated according to the power of the field in 
which observables of interest lie in the molecular system. 
When only the first term is considered the method is 
considered as linear response DFT or just TD-DFT.  In order 
to produce a successful prediction of non-linear photonic 
processes, several formalism must be employed to obtain the 
excitation energies and transition dipoles.18  
In the past the perturbation theory provided a relation 
between non-linear properties of the ground state with a sum-
over-states expression (SOS).19 When the ground state is 
described by DFT with perturbation method, the linear terms 
from the susceptibility tensor result in a non-Hermitian 
eigenvalue system of equations, in which the matrixes A and 
B represent the basis when occupied (i, j) and vacant (a,b), 
when the Kohn Sham orbitals have a sub set of σ, τ (σ, τ = α 
, β electrons), and K is the coupling matrix expressed as the 
second derivative of the exchange correlation functional ω, 
Coulomb and exchange integral and the transition density is 
block diagonal with the occupied-vacant (?̂? = 𝜉𝑖𝑎) and vacant-
occupied (?̂? =  𝜉𝑎𝑖) blocks being nonzero as shown in equation 
9-11. 
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. 
[
   𝑨     𝑩
−𝑩 −𝑨
] [?̂?
?̂?
] =  𝜴𝜶 [
?̂?
?̂?
] ⇒  𝑨?̂? + 𝑨?̂? = 𝜴?̂? +  𝜴?̂? 
(9) 
 𝑨𝒂𝒊𝝈,𝒃𝒋𝝉 = 𝜹𝒂𝒃𝜹𝒊𝒋𝜹𝝈𝝉(𝜺𝒂 − 𝜺𝒊) + 𝑲𝒂𝒊𝝈.𝒋𝒃𝝉 (10) 
 𝑩𝒂𝒊𝝈,𝒃𝒋𝝉 = 𝑲𝒂𝒊𝝈.𝒋𝒃𝝉 (11) 
In this formalism we obtain the information of matrix A and 
B. Matrix A consist of the interactions between singly excited 
states, and matrix B after indices are swapped provides 
information about the de-excitation from a virtual to an 
occupied orbital.  
The perturbation treatment can also possess several 
corrections to the expectation values of an arbitrary 
operator in terms of the response functions.  These additional 
corrections can be used to obtain transition dipole moments 
from the ground state into the excited states expressed 
through the ground state dipole moment 𝜇0,0.  
A well-known formalism is the Tamm-Dancoff Approximation 
(TDA)20-21 is used to obtain the state-state transition dipoles 
𝜇𝛼,𝛽 , difference between permanent ground state dipole 
moments, state-state transition dipole moments and permanent 
dipole moments of the excited states. This formalism consist 
of in neglecting the de-excitation matrix B in the non-
Hermitian eigenvalue equation (equation 9) as consequence 
doubly excited states and exchange-correlation coupling terms 
disappear and other formalism must be employed.  
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In order to correct the TDA deficiencies the coupled 
electronic oscillator (CEO) formalism is applied as used by 
Masunov and Tetriak et al22. This formalism solves the 
Hamiltonian-Liouville classical equations of motions for the 
density matrix. When first order terms in the external field 
are conserved this formalism is equivalent to linear 
response, but when the second order is considered, the 
solutions are found in the linear response transition 
densities. Therefore, the linear excitations remain unchanged 
in the quadratic formalism and the combined states retain 
their double-excited nature.  
As a consequence of this, the excitation energy for each 
of these new states is equal to the sum of single excitations 
(𝛺𝛼𝛽 = 𝛺𝛼 + 𝛺𝛽) and the an-harmonic coupling terms in the linear 
response excitation which constitute the transition dipoles 
between the excited states as product of single excitation 
densities 𝜉𝛼𝜉𝛽. The second order CEO yields the transition 
dipole moments between the ground state and the doubly excited 
state expressed as summations over all the states as shown in 
equation 12.  
 
𝝁𝟎,𝜶𝜷 = ∑ 𝒕𝒓(?̂?(?̂? − 𝟐𝝆)𝝃𝜶𝝃𝜷
𝒑𝒆𝒓𝒎
𝜶𝜷
+ ∑ (
𝑽𝜶𝜷−𝜸𝝁𝜸
𝜴𝜶 + 𝜴𝜷 − 𝜴𝜸
−
𝑽𝜶𝜷𝜸𝝁−𝜸
𝜴𝜶 + 𝜴𝜷 + 𝜴𝜸
)
𝜸>𝟎
 
(12) 
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The first summation considers symmetrized permutations of the 
indices, the second summation runs to all excited states, 𝐼 
is the identity matrix, 𝜌 is the ground-state density matrix, 
and 𝑉𝛼𝛽∓𝛾 correspond to the exchange-correlation coupling term 
expressed via Kohn-Sham operators V(ξ) on transition 
densities as shown in equation 13. 
 
𝑽𝜶𝜷−𝜸 = ∑ 𝒕𝒓((?̂? − 𝟐𝝆)𝝃𝜶𝝃𝜷𝑽(𝝃𝜸)
𝒑𝒆𝒓𝒎
𝜶𝜷𝜸
 
(13) 
When the Tamm-Dancoff Approximation is executed a posteriori 
as introduced by Mikhailov et al23 preventing the loss the 
manifold of the excited states between non related transition 
dipoles and ground state dipole moment available as shown in 
equation 14.  
 𝝁𝜶,𝜷 = 𝒕𝒓(?̂?(?̂? − 𝟐𝝆)𝝃𝜶
∗ 𝝃𝜷) 
 
 ∆𝝁𝜶 = 𝒕𝒓(?̂?(?̂? − 𝟐𝝆)𝝃𝜶
∗ 𝝃𝜶) (14) 
 
Therefore, after eliminating the B de de-excitation matrix 
and ?̂? terms from equation 9 a posteriori, neglects the 
exchange correlation coupling terms as an approximation to 
the second order CEO yielding the excitation energies ξ as 
[?̂?
0
].and the double-excited states are introduced with the 
following excitation energies and transition dipoles as shown 
in equation 15. 
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 (𝜴𝜶𝜷 = 𝜴𝜶 + 𝜴𝜷)  
 𝝁𝟎,𝜶𝜷 = 𝒕𝒓(?̂?(?̂? − 𝟐𝝆)𝝃𝜶
∗ 𝝃𝜷) 
  
 𝝁𝜶,𝜶𝜷 = 𝝁𝜷 , 𝝁𝜶,𝜶𝜷 = 𝟎   (15) 
 
After applying this treatment a hybrid between the TDA and 
CEO is obtained, allowing the calculation of second-order 
properties using simple modifications to current exiting 
linear response codes to predict 2PA cross-sections. 
The probability of absorption of two photon from a given 
material is quadratically proportional to the intensity of 
the beam and the cross section is dependent on the imaginary 
part of the susceptibilities therefore we can obtain the 
following set of simplified equations for the cross section 
of one-photon absorption (equation 16) and two-photon 
absorption (equation17)  
 
𝝈𝟏𝑷𝑨 =
𝟒𝝅ℏ𝝎
𝜼𝒄
 𝑰𝒎 〈𝝃(𝟏)(−𝝎,𝝎)〉 
(16) 
 
𝝈𝟐𝑷𝑨 =
𝟒𝝅𝟐ℏ𝝎
𝜼𝟐𝒄𝟐
 𝑰𝒎 〈𝝃(𝟑)(−𝝎,𝝎,𝝎,−𝝎)〉 
(17) 
In which ℏ is Plank’s constant, η is the dielectric constant, 
ξ is the susceptibility, c is the speed of light and ω is the 
frequency of the irradiation. Using the cross-sections 
equation we can proceed to find probability for one and two 
photon absorption as shown in equation 18.  
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𝑷𝟏𝑷𝑨 = 𝝈𝟏𝒑𝒂 ∙ 𝒕 𝒙 
𝑰
ℏ𝝎
 
 
 
𝑷𝟐𝑷𝑨 = 𝝈𝟐𝒑𝒂 ∙ 𝒕 𝒙 
𝑰𝟐
ℏ𝝎
 
(18) 
In these equations σ is the cross-section, I is the 
intensity, ℏ is Plank’s constant and ω is the frequency of 
the irradiation. The equations just mentioned, can be 
modified in order to compute the orientationally averaged 2PA 
cross-sections for a linearly polarized beam by using the 
transition dipoles previously obtained between excited states 
|𝑋⟩ and |𝑌⟩, are using in a sum-over-states transition matrix 
elements components expression24 𝑀𝛼𝛽
𝛾
  shown in equation .19 
and 20. 
 
𝝈𝟐𝑷𝑨(𝝎) =
𝟏𝟔𝝅𝟑𝝎𝟐
𝟏𝟓𝒄𝟐𝜼𝟐
∑ ∑ ∑(𝑴𝜶𝜶
𝜸 𝑴𝜷𝜷
𝜸 + 𝟐𝑴𝜶𝜷
𝜸 𝑴𝜶𝜷
𝜸 )
𝒙,𝒚,𝒛
𝜶
𝒙,𝒚,𝒛
𝜷𝜸
𝜹𝜸(𝟐𝝎) 
(19) 
 
𝑴𝜶𝜷
𝜸 =
𝟏
𝟐ℏ
∑
⟨𝒀|𝝁𝜶|𝑿⟩⟨𝑿|𝝁𝜷|𝟎⟩
(𝝎𝒐𝑿 −
𝝎𝟎𝒀
𝟐 ) − 𝒊𝜞𝑿𝟎
+
⟨𝒀|𝝁𝜷|𝑿⟩⟨𝒀|𝝁𝜷|𝟎⟩
(𝝎𝒐𝑿 −
𝝎𝟎𝒀
𝟐 ) − 𝒊𝜞𝑿𝟎𝒙
 
(20) 
In these equations α and β run over the three dimensional 
space, the ground state is represented by |0⟩, and |𝑋⟩, |𝑌⟩ 
describe the 1PA and 2PA excited states respectively. The 
factor (𝜔𝑜𝑋 −
𝜔0𝑌
2
) expresses the detuning between the 1PA state 
and the 2PA state, and 𝑖𝛤𝑋0 is the damping constant taken to 
be 0.1eV, along with 𝛿𝛾(2𝜔) which accounts for the linewidths 
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for experimentally observed broadening and it is usually 
taken to be as 0.1eV.  
 
1.5 Conclusions 
 
In conclusion to this chapter, the evolution of the 
Schrödinger wave equation has been stated until the 
development of DFT. The methodology implemented to TD-DFT to 
research non-linear optical properties has been presented. 
This is used to understand the mechanism generating the 
optical properties. This is done by plotting the KS orbitals, 
analyzing the charge transfers and mechanism of stabilization 
of the excited state. After the mechanism is understood, it 
can be optimized with functional groups and engineered to 
obtain materials with the desired properties.  
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CHAPTER 2: THEORETICAL STUDIES OF STORAGE 
MATERIALS BASED ON POLIMERIC Zd+2 AND Cd+2 
DICARBOXYLATES CONTAINING OXIME AND ALDOXIME 
LIGANDS 
 
2.1 Introduction 
 
Since the seminal works by Yaghi et al., Zn(II) and 
Cd(II) metal−organic frameworks (MOF)1-11 and metal organic 
materials (MOM)9 in general continue to attract close 
attention of the scientific community interested in new 
materials with fascinating adsorptive,1-9, 11-12 catalytic,13-18 
and sensor properties19. For these particular coordination 
networks, the high adsorption capacities,1-7, 9-10, 13 
luminescent,20-22 and nonlinear optical (NLO)23-28 properties 
should be mentioned first.  
The NLO properties of MOMs are being investigated in 
relation to several technological applications, including 
optical communications and up conversion lazing.26 The third 
order nonlinearities, such as two-photon absorption (2PA), 
present special interest, as they are not limited to non-
centrosymmetric structures,29 unlike the second-order 
nonlinearities.30-31  
Several recent studies have indicated that 2PA 
properties are enhanced by metal coordination compared to 
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free ligands27-28 and   this enhancement by the use of 
approximate density functional theory (DFT) to obtain non-
linear optical properties.32-33  
From the crystal engineering viewpoint, Zn(II) and 
Cd(II) ions have the same d10 electronic configuration, yet 
they are dissimilar in their atomic radii and coordination 
capacities. This could justify the huge number of the homo-
ligand, primarily carboxylate and mixed-ligand. This includes 
carboxylate-aromatic amine-based coordination networks 
(isostructural and isomorphous analogues) in addition to the 
supramolecular isomers as well.20, 34-37 
The experimental efforts aimed at the forthcoming MOF 
materials with large pores, efficient guest uptake, and 
stability37-38 continue, and theoretical studies complement 
experiment by predicting adsorption capacity, adsorption 
preference, and desired optical properties of MOMs including 
the Zn(II)/Cd(II)-based ones.39-42  
It is important to note that our collaborators Fonari et 
al have used the mixed-ligand “blend approach”43-44 before for 
decoration of coordination polymers (CP) by oxime ligands,32, 
45-49 and concluded on the following hypothesis: “The 
coordination of bulky neutral oxime ligands to the d10 metals 
provides the loosely packed MOMs with the voids in the crystal 
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lattice for inclusion of small guest molecules, such as water 
and dimethylformamide (DMF).”  
Studies performed so far have revealed that the oxime 
molecules coordinated as the terminal ligands impose 
restrictions on the dimensionality of coordination networks. 
Those one and two-dimensional (1D and 2D) polymeric materials 
are capable of holding the guest molecules in their voids. 
While some of them held their coordination frameworks in the 
guest-free state spontaneously or after evacuation of the DMF 
guest molecules (resulting in the crystal-to-crystal 
transformation in the solid state), the others failed.32, 50  
Recent study based on a series of 4-pyao containing 1D 
Zn(II)/ Cd(II) supramolecular isomers suggests several 
guidelines for the rational design of acentric polymeric 
materials for NLO applications.51 In order to search for the 
new coordination networks herein, we have combined the 
Zn(II)/Cd(II) metal centers with two types of ligands, 
flexible aliphatic dicarboxylic acids of different length, 
HOOC-(CH2)n-COOH (n = 1, 2, 4) including malonic (H2mal), 
succinic (H2suc), and adipic acids (H2adi), and three oxime 
ligands, including pyridine-2-aldoxime (2-pyao), pyridine-4-
aldoxime (4-pyao), and 1,2-cyclohexanedionedioxime (Niox). 
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The ligands used in this study to make the crystal structures 
are shown in figure 2. 
 
Figure 2  Structural information of the ligands used in this study. 
 
2.2 Methods 
 
Periodical Semi-Empirical Quantum Chemical calculations 
were performed on the structures with and without guest 
molecules using PM7 Hamiltonian,52 which includes dispersion 
correction. The computer program MOPAC2012 was used for all 
calculations.53-54 Although periodical DFT, HF, and semi-
empirical calculations lack the dispersion component of 
inter-molecular interactions and may result in unbound 
structures,55 the empirically added dispersion correction 
makes both ab initio and semi-empirical results rather 
accurate.53 Another potential source of inaccuracy could be 
chlorine bonds,55 or other inter-molecular interactions with 
a strong donor−acceptor component.56-57 Fortunately, neither 
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halogen nor chalcogen atoms are present in the structure, 
making PM7 results reliable in this case.  
The initial atomic coordinates for the crystal were 
taken from the CIF file containing the information from 
experimental measurements. The symmetry for this structure 
was reduced to the P1 space group. Mercury software58 was used 
to display the voids  in the crystal structure. The crystal 
structure was optimized first with the lattice parameters 
frozen, and then optimized relaxed.  The voids of the crystal 
structure were filled with eight H2 or N2 molecules per unit 
cell. The resulting formation enthalpy was used to calculate 
the interaction enthalpy between the crystalline matrix and 
guest molecule.  
 
2.3 Discussion 
 
The structure presented in figure 3 represents the 
binuclear cluster built of two Zn(II) octahedra. Each Zn(II) 
atom adopts the distorted N2O4-octahedral geometry, arising 
from one Niox ligand coordinated in the N,N′-chelate mode, 
and three symmetry-equivalent adipate anions. The Zn–O bond 
distances are in the range 1.977–2.119 Å, and the Zn–N bond 
distances are equal to 2.091(4) and 2.214 Å. The adipate anion 
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acts in the monodentate and mono, bidentate bridging modes. 
The self-association of the two Zn(II) octahedra occurs via 
two inversion-related adipate anions through their mono, 
bidentate-bridging coordination.  
This coordination mode of adipate anion has not been 
reported in the literature so far. The Zn···Zn separation in 
the binuclear unit across the carboxylate bridge is equal to 
3.499 Å. The binuclear metal clusters are associated in a 
spongy layer with the (4,4) topology being composed of the S-
shaped meshes due to the bent conformation of the adipate 
ligand. The layers are propagated parallel to the bc 
crystallographic plane, and the layer thickness is estimated 
as 10.696 Å. The layers stack along the crystallographic a 
axis and meet by the cyclohexyl rings; the interpenetration 
is measured as 0.84 Å being minimal among the compounds 
discussed herein (Figure 3c). 
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Figure 3 a) View of the crystal structure under research showing C- bound H atoms are omitted for 
clarity, b) Describe the stacking of the layers and c) Describes the simulated crystal structure 
displaying its voids. 
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This solid demonstrated breathing behavior indicated by the 
disordering of one of the carboxylate groups that adjust 
alternatively either bidentate- or monodentate modes of 
coordination, and by the commonplace disorder of the Niox 
cyclohexyl ring.  
The conformational flexibility of the cyclohexane ring 
in Niox may explain its more effective crystal packing 
reducing the size of the voids in this crystal solid. Our 
analysis of the voids in the crystal after the disorder 
removal yields 111 Å3 for 0.8 Å probe radius. Furthermore, 
the adsorption measurements supported by the computations 
revealed the developed surface acceptable for adsorption.  
The examples of ultramicroporous materials that 
otherwise reveal excellent adsorption properties are known 
from the literature. For example, the so-called “SIFSIX” MOMs 
reported by Forrest et al.41 with the narrow pore sizes and 
small Brunauer–Emmett–Teller (BET) theory surface area, yet 
exhibit very tight packing of CO2 in those dense networks. 
The gas loading correlates with the MOM contraction and 
pyrazine rings tilting in the structures59. 
Similarly, the availability of the conformationally 
flexible components in the networks reported by us supports 
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the possible “breathing behavior” and “gate opening” during 
the adsorption processes.60 
Our collaborators analyzed the low temperature gas 
adsorption isotherms with the Brunauer, Emmett, Teller (BET) 
method61 and evaluated the characteristics of the solid. The 
BET equation is the following: 
 
𝒂 =
𝒂𝒎
𝑲𝒑
𝑷𝒔
(𝟏 −
𝒑
𝑷𝒔
) [𝟏 + (𝒌 − 𝟏)
𝒑
𝒑𝒔
]
 
(21) 
 
where 
𝑝
𝑝𝑠
 is the adsorbate relative pressure, a is the 
adsorption value at corresponding p/ps, am is the monolayer 
capacity, and K is the BET equation equilibrium constant. To 
determine the specific surface area of solids by this method, 
nitrogen is the most often used as an adsorbate at 77 K.  
Building the isotherms included two stages. In the first 
stage, the samples were degassed for the removal of traces of 
moisture and carbon dioxide at 313 K in a vacuum of 2 × 10-4 
mm Hg during 1 day, and in the second, the samples were 
subjected to nitrogen adsorption. The weight of the samples 
used for the analyses was 0.08 g. The resulting 
adsorption−desorption isotherms shown in figure 5. 
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Figure 4 Experimental Diagram describing the N2 adsorption (white circles) 
and desorption (black circles) at 77K for a 0.08g sample.  
 
The isotherm in figure 4 is typical for physical adsorption 
and indicates the heterogeneous pores in the sample with a 
predominance of mesopores. The isotherm plot exhibits a 
slight rise of the curve at the beginning at low relative 
pressures of nitrogen, a monotonic increase at the relative 
pressure 
𝑝
𝑝𝑠
  0.20−0.90 and a sharp rise of the curve after the 
p/ps > 0.90. Initial convex section indicates the presence of 
a small amount of micropores; at 
𝑝
𝑝𝑠
 = 0.35 there is an 
inflection in the isotherm, indicating the completion of the 
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monolayer formation and the beginning of multilayer 
formation.  
In order to explain why the crystal bulk is compromised 
in the crystal structure shown in figure 3. Optimization of 
the structure was performed with and without guess molecules 
with Semi-Empirical QM methods. The unit cell contains two 
types of voids, located at the centers of the a and b edges, 
each shared between four neighboring unit cells. Mercury 
software58 was used to display the voids (0.8 Å probe radius) 
in the crystal structure. 
The combined volume of these voids is close to 111 Å3, 
or 7.7% of the unit cell volume. The voids of the crystal 
structure were filled with eight H2 or N2 molecules per unit 
cell. Relaxations of the resulting inclusion structures were 
distinctly different. While H2 molecules diffused out of the 
cavities and did not increase the lattice parameters 
appreciably as shown in Table 1. The N2 molecules remained 
close to the center of the cavities and increased their size 
so that crystal dis-integrated into non-interacting slabs 
(the parameter a increased by more than 1 Å).  
In order to determine the capacity of the ultra-
micropores with respect to the number of N2 molecules, one 
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molecule was added, the structure was relaxed, then added 
another molecule was added and so on. 
Table 1 Lattice Parameters (Å) and Interaction Enthalpies for the Crystal 
Structure and the Related Inclusion Compounds 
System  a B c β ∆𝑯 (
𝒌𝒄𝒂𝒍
𝒎𝒐𝒍
) 
Experimental 10.239 15.342 9.652 105.727   
n=0 10.239 15.342 9.291 105.727 0 
n=8, X=H2 10.645 15.531 9.73 105.122 −0.74 
n=1, X=N2 10.336 15.66 9.38 104.912 −0.45 
n=2, X=N2 10.328 15.652 9.364 105.111 −5.63 
n=3, X=N2 10.587 15.709 9.405 104.746 −5.57 
n=4, X=N2 11.49 15.671 9.839 104.788 −8.93 
n=5, X=N2 11.495 15.681 9.875 104.964 −5.85 
 
As demonstrated, the formation of the inclusion complex is 
energetically favorable in all cases. The addition of the 
first guest molecule expanded b by 0.3 Å, so that the 
interaction energy is largely reduced by the matrix 
deformation energy. The second molecule enters the matrix 
that is already expanded, and guest/matrix interaction 
results in ∼5 
𝑘𝑐𝑎𝑙
𝑚𝑜𝑙
 stabilization. The third molecule expanded 
a by extra 0.3 Å, and this deformation again is nearly 
compensated by the guest/matrix interaction. The fourth and 
fifth molecules expand a by extra 0.9 Å and c by 0.4 Å. 
Clearly, four N2 molecules exceed the capacity of the voids 
and result in structural disintegration.  Formation of the 
micropores is likely at this stage.  
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This is in agreement with adsorption experimental data 
reported62 This is in agreement with experimental data, 
described figure 4, suggesting that the interval of relative 
pressures from 0.1 to 0.95 corresponds to filling of ultra-
microcavities in the intact single crystal by 0.1 to 2.8 N2 
molecules per unit cell, while a steep increase at larger 
relative pressure corresponds to formation of the larger 
cavities. This implies that the crystalline structure would 
transform into powder (as observed experimentally) after the 
expansion of the ultra-micropores inside the crystal unit 
cell due to the guess molecules. This results in collapse of 
the structural integrity which is represented as an 
observable change in the bulk state. If the system absorbs 
3N2 per unit cell this would cause the voids in the unit cell 
to expand in the molecular scale. Moreover, when most of the 
unit cells voids collapse the bulk solid would be compromised 
and turn into microcrystals. 
We also predict that this material is capable of hydrogen 
storage, as Table 1 reports absorption of 8H2 molecules is 
energetically favorable and does not result in structural 
disintegration. 
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2.4 Conclusions 
 
Our collaborators used the dicarboxylic acid/oxime blend 
approach43-44 successfully for the fabrication of 10 new MOMs 
with cumulative properties. Pyridine-2-aldoxime (2-pyao), 
pyridine-4-aldoxime (4-pyao), and 1,2-
cyclohexanedionedioxime (Niox) act as terminal ligands 
providing an access to the 1D, 2D, and 3D structures where 
aliphatic dicarboxylates act as the multidentate linkers.  
The rotatable 4-pyao and flexible Niox ligands afford 
the extended surface areas due to the deep interpenetration 
of the former and the perfect accommodation of the latter 
within the 2D and 3D crystal solids. The selected samples 
demonstrate an efficient water and DMF uptake explained by 
the availability of the hydrophilic and hydrophobic regions 
in these solids.  
The crystal structure simulations undertaken for one 
laminar sample were supported by the adsorption measurements 
and revealed their efficacy for the prediction of the 
adsorption capacity of the solids even in the absence of the 
registered solvent-accessible voids.62-63 The source of the 
physical observables in the bulk materials were found and to 
be due expansion of the unit cell after addition of more than 
3N2 molecules into the unit cell. 
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CHAPTER 3: QUANTUM CHEMICAL STUDIES OF 
CRYSTALLOCHROMISM UPON CHANGING THE TWO 
DIMESIONAL COORDINATION NETWORK OF Co(II) AFTER 
DESOLVATION 
 
3.1 Introduction 
 
Porous coordination polymers (PCPs)1-3 including metal 
organic-frameworks (MOFs)4-6 became rapidly growing area of 
chemistry in the past decades7-9. This is mainly due to the 
intriguing topological architectures and potential 
applications of MOFs in such fields as gas storage, catalysis, 
separations, ion exchange and molecular magnetism 10-17.  
These solids not only possess regular porosity with high 
pore volume, but contain tunable organic groups within the 
molecular framework, which allow an easy modulation of the 
pore size. MOFs that show a structural response upon external 
stimuli such as guest sorption, temperature or mechanical 
pressure are of particular interest18. In addition to the 
rigid three-dimensional (3D) polymeric coordination networks, 
the flexible two-dimensional (2D) structures nowadays attract 
growing attention19. Many fascinating examples had been 
documented since Zaworotko’s seminal work 20 highlighted the 
super structural diversity in the laminated solids.  
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They opened the possibilities of the rational design of 
both hydrophilic and hydrophobic surfaces, and their common 
inherent ability to mimic clays by intercalation of a wide 
range of organic guest molecules. The breezing behavior, 
ability of the metal sites in the regular grids work as 
catalytically active ones, preference in the CO2 gas capture 
and gas stepwise adsorption were reported21-23. Coordination 
layers were proposed as a source of crystalline sheets with 
nanometer thickness for molecular sieving.  
Their ability to achieve high proton conductivity and 
high water sorption under low humidity conditions was 
demonstrated. A novel strategy to design and synthesize 
homochiral phencyclidine (PCP)24-25 and non-linear optical 
(NLO) materials by layered PCPs was reported26. Unusual 
properties of 2D coordination networks prompted us to 
introduce pyridine-n-aldoxime/dioxime ligands as pillars or 
chelate agents. These bulky metallo-chelate corner fragments 
in carboxylic networks can afford potentially porous 
structures which are able to accommodate, the small molecules 
in the crystal lattices26-35.  
Here we combine the 1,4-benzene-dicarboxylic acid 
(H2bdc) with thionicotinamide (S-nia), resulting in the 
Co(II)-based 2D coordination network that undergoes single-
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crystal-to-single-crystal (SC-SC) transition in the solid 
state upon desolvation. Our choice is based on the following: 
(1) structural similarity of S-nia to the pyridine-n-
aldoximes, previously explored by us26, 32; (2) all reported 
data are restricted to organic solids 36-38; (3) this molecule 
is one of the commercially available analogs of nicotinamide; 
and (4) it presents opportunities for the generation of 
hydrogen-bonded network for 2D stacked layers. The latter 
would support Kitagawa’s idea of inventing “metallo-amino 
acids” ensembles.39  
 
3.2 Methods 
3.2.1 Periodical predictions 
 
The periodical structures were optimized with MOPAC2012 
computer program40 at PM7 semi-empirical theory level41. The 
PM7 Hamiltonian contains empirical dispersion correction 
which is important for molecular crystals.42 The initial 
atomic coordinates for the crystals were taken from 
experiment, with the symmetry reduced to the P1 group. The 
electronic structure was assumed to have four unpaired 
electrons per unit cell, describing four low spin Co(II) ions.  
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In order to predict the unknown structure, the 
experimental structure of crystal structure 1 was modified by 
substituting each DMF molecule with three methanol molecules 
and each water molecule with one methanol. 
3.2.2 Spectral Predictions 
 
All TDDFT calculations were performed using the Gaussian 
2009 suite of programs.43 Density Functional Theory with M05-
QX exchange-correlation functional44 and full-electron 6-31G  
basis set were used.45 In order to avoid the artificial 
negative excitation energies, the KS orbitals were re-
optimized after stability analysis (keyword Stable=Opt) to 
obtain the most stable ground states. The prediction of the 
absorption spectra was performed using time dependent density 
functional theory46 (TD-DFT), from these grounds states. 
 
3.3 Discussion 
 
Compound 1 crystallizes in the triclinic centrosymmetric P-1 
space group and adopts layered structure with the binuclear 
[Co2(µ2-OH2)(COO)2] metal cluster as a secondary building unit 
(SBU).4-6 The SBU contains two crystallographically distinct 
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Co(II) ions that are both found in the distorted NO5-
octahedral environments.  
The triple bridge between the metal centers is provided 
by two syn,syn-bidentate bridging carboxylato groups, and one 
water molecule as shown in figure 5a. For Co(1), the 
coordination core comprises oxygen atoms from two bis-
bidentate bridging bdc2- anions, one bridging and one 
terminal water molecules, and one DMF molecule, the pyridine 
nitrogen atom goes from the S-nia ligand. For Co(2), the 
coordination core comprises four bdc2- anions, two bis-
bidentate bridging and two bis-monodentate, the bridging 
water molecule, and the pyridine nitrogen atom of the S-nia 
ligand. The Co···Co separation within the SBU is 3.579 Å.  
The aggregation of the SBU in the (4,4) 2D network with 
sql topology occurs via the bdc2- bridges being resulted in 
rhombohedral patterns with the diagonal dimensions of 14.362 
× 17.837 Å (Fig. 5b). 
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Figure 5 View of the fragment of: (a) binuclear Co(II) SBU and (b) 2D 
coordination network in 1, solvent molecules and C-bound H-atoms are 
omitted for clarity. 
The are two terminal S-nia ligands, one is situated in 
dangling position being inclined to the layer plane, while 
the second S-nia ligand upraises perpendicular to the layer 
coordination skeleton. The layers stack along the 
crystallographic a axis, each rhombohedral window in the 
layer being partially closed by the NH(NH2)···O(COO) hydrogen 
bonds going from the dangling S-nia ligands from the adjacent 
layer. Despite this partial blocking, the solvent molecules 
(H2O and DMF) occupy the hydrophilic and hydrophobic regions 
in the intra- and inter-layer space, and are held in place by 
OH…O hydrogen bonds and stacking interactions between the 
solvated dmf and coordinated bdc residues. The volume 
occupied47 by solvent molecules was calculated by PLATON48 and 
it comprises 735 Å3 or 31.5 % of the total unit cell volume.  
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The delicate heating of 1 at 105 °C for 4 h in vacuum 
resulted in the desolvated product, [Co(bdc)(S-nia)]n 
(dry_1). The SC-SC transition was accompanied by the color 
change from pink to dark-blue. It involved rearrangement of 
the coordination environment and substitution of solvent 
molecules with a less volatile ligand, similar to one reported 
previously47, 49-61. 
In the case of Co(II) SC-SC is often accompanied by the 
color change due to variation in the Co(II) coordination 
polyhedron which was not always supported by single crystal 
data168-180. Fortunately, dry_1 retained its crystallinity 
despite some deterioration of the crystal quality, therefore 
our collaborators were able to collect the diffraction data 
for an acceptable structural model.  
The structure of dry_1 as shown in figure 6 was solved 
in the triclinic P-1 space group with the unit cell volume 
reduced by ~10% compared to 1 (2124 Å3 vs. 2333 Å3). The b 
axis contracted, while a and c elongated slightly. The unit 
cell shape changed from the oblique to nearly orthogonal. All 
solvent molecules were removed, including those coordinated 
to the metal centers in 1. The Co(II) coordination sphere 
changed from octahedral to square pyramidal shape, although 
SBU remained binuclear. Thus, the binuclear complex 
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transformed from [Co2(µ2-OH2)(dmf)(COO)2] into the paddle-
wheel [Co2(µ2-COO)4]. 
 
Figure 6 View of the fragment of: (a) paddle-wheel binuclear SBU and (b) 
2D coordination network in dry_1. H-atoms are omitted for clarity 
 
Each Co(II) atom is coordinated by four oxygen atoms 
from four bidentate bridging bdc2- residues, and one nitrogen 
atom from the terminal S-nia ligand. The Co···Co separations 
within the paddle-wheel SBUs are 2.784 and 2.735 Å. The 
crystal retains the 2D network, but its structure is modified. 
Two nearly identical layered motifs have almost ideal square-
grid (4,4) sql topology with diagonal dimensions of 15.513 Å 
× 15.586 Å (Fig. 7a). All the S-nia ligands appear 
perpendicular to the layer plane as the pillars. Thus, the 
absence of solvent molecules modifies both coordination 
geometry and local connectivity of the SBUs 
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After blue dry_1 was soaked in methanol for one day at 
room temperature, the color changed back to pink, producing 
dry_1s. The unit cell for dry_1s was found to be triclinic, 
with a = 11.11 Å, b = 15.73 Å, c = 18.08 Å; α = 73.81º, β = 
86.67º, γ = 76.43º; V = 2955.16 Å3. The three crystals 
obtained by our collaborators are shown in figure 7. 
 
Figure 7 Photographs of single crystals of compound a) 1, b) dry_1, and 
c) dry_1s 
The semi empirical QM calculations of dry_1s were 
performed starting from the solved structure of crystal 1 and 
both water and dmf were replaced with methanol molecules. As 
the methanol molecules were added the structure was 
optimized, and the resulting lattice parameters are shown in 
table 2. There is a range of potential structures in 
acceptable agreement with the experimental lattice 
parameters. This agreement lies in the range of 10-18 methanol 
molecules per unit cell. 
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The structures with other methanol content (6, 10, 12, 
and 14 molecules per unit cell) were also considered by 
deleting two methanol molecules from the unit cell. Their 
lattice parameters of dry_1s are also reported in table 2. 
All versions with 10-18 methanol molecules were found in fair 
agreements with experiment. The optimized lattice parameters 
for crystals 1 and dry_1 are also reported in table 2 for 
validation purposes.  
 
Table 2 PM7 optimized vs. experimental lattice parameters for crystals 1, 
dry_1 and dry_1s. 
System a b c α β γ 
Crystal 1, experimental 10.61 13.43 17.84 78.86 76.42 72.3 
Crystal 1, optimized 10.76 13.53 17.96 73.41 75.17 74.42 
Crystal dry_1s, experimental 11.11 15.73 18.08 73.81 86.67 76.43 
Crystal dry_1s, 6MeOH 12.64 14.10 18.23 73.78 70.01 53.56 
Crystal dry_1s, 10MeOH 10.85 13.88 20.17 77.25 62.39 55.53 
Crystal dry_1s, 12MeOH 10.78 13.49 17.90 77.92 75.44 69.53 
Crystal dry_1s, 14MeOH 10.76 13.65 18.41 75.14 73.38 67.28 
Crystal dry_1s, 18MeOH 11.87 15.82 18.46 73.22 71.73 60.29 
Crystal dry_1, experimental 10.95 11.04 17.92 99.33 96.76 90.26 
Crystal dry_1, optimized 10.51 10.62 17.51 95.64 92.87 89.91 
 
Co(II) complexes are known to change color. For 
instance, the color transition for aqueous solutions of CoCl2 
upon rising concentration of chloride ions was interpreted59 
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as shift in equilibrium between pink [CoCl(H2O)5]+1 and blue 
[CoCl2(H2O)2] complexes. The respective absorption spectra are 
shown in figure 8.  
In order to analyze the nature of colour change in 1 and 
dry_1, TDDFT calculations were performed on binuclear 
complexes taken from the crystal structure of 1 and dry_1 
(protonated to make them neutral), therefore these complexes 
will be referred as 1c and dry_1c. 
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Figure 8 TDDFT predicted electronic spectra or (a) dinuclear complex from 
1, and (b) dinuclear complex dry_1; (c) experimental absorption spectra 
for pink [CoCl(H2O)5]+1 and blue [CoCl2(H2O)2] complexes in aqueous 
solution (from Ref.178)are also shown.   
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Table 3 Leading electronic configurations for the absorbing states of the 
selected excited states in dinuclear complexes from structures 1 and 
dry_1. 
Complex Excited 
State 
Leading configuration Ampl
itude 
Wavelength Oscillator 
strength 
1c 31 αHOMO  αLUMO+2 0.79 420nm 0.0384 
dry_1c 40 αHOMO  αLUMO+7 0.87 480nm 0.0049 
dry_1c 30 βHOMO-4  βLUMO 0.84 656nm 0.0022 
 
As shown in figure 8, 1c have an absorption peak in 450-
500 nm range, and dry_1c contains three significant peaks one 
located near 480, 656, and 746 nm. The leading electronic 
configurations for the strongest absorbing states in 400-800 
nm range for 1c and dry_1c are summarized in table 3. The 
absorption band in 1c is due to MLCT state, originating from 
transition between αHOMO (localized on the metal toward) and 
αLUMO+2 orbital (localized on the conjugated system in the 
bdc) as shown in figure 9. 
αLUMO+2  
 
αHOMO  
 
Figure 9 Essential Kohn−Sham orbitals in dinuclear complex from 1c  
67 
 
αLUMO+7 βLUMO 
 
 
αLUMO+5  βHOMO-4 
 
 
αHOMO  
 
βHOMO-5 
 
Figure 10 Essential Kohn−Sham orbitals in dinuclear complex from dry_1c  
68 
 
The binuclear complex dry_1c absorbs at three wavelengths. 
The essential Kohn-Sham orbitals are shown in figure 10. The 
absorption peak near 480 nm is due to LMCT state, 
corresponding to transition between αHOMO orbital (localized 
on S-nic ligand) into αLUMO+7, mostly d-orbital on Co(II). 
 
The peak close to 656 nm consist of two leading 
configurations. The latter are composed of MLCT transitions 
originating from the βHOMO-4 and βHOMO-5 on Co(II) into the 
βLUMO orbital on S-nic. The dry_1c has another MLCT state, 
which has a lower excitation energy due to destabilization of 
d-orbital of Co metal by the surrounding ligands. This 
destabilization is due to the shorter metal to ligand 
distances in Co(II) complexes with lower coordination number.  
In order to confirm the previous statement the average 
distances from the Co(II) to bdc and S-nic ligands are were 
measured from X-Ray experimental data. The average distances 
for the Co(II) to Oxygen in bdc for 1c is 2.26 Å and for 
dry_1c is 2.02 Å. The average distances for the Co(II) to 
Nitrogen are nearly constant: 2.09 Å for 1c and 2.05 Å for 
dry_1c. Therefore, the colour pink of dry_1s supports our 
hypothesis of octahedral Co(II) coordination when resolvated 
with methanol. 
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3.4 Conclusions 
 
In summary, the compounds discussed here show dynamic 
behavior as consequence of the type and amount of solvent in 
coordinated to Co(II). The coordination geometry of the 
Co(II) centers, transitions of the 2D network, changes the 
color from pink to blue and back to pink again indicate in 
favor of the higher stability of Co(II) octahedral 
coordination against the pentagonal one. 
Theoretical prediction were performed in order to find 
the mechanism of the solvatochromic behavior of the crystal 
resulting MLCT charge transfer transitions due to 
destabilization of d-orbital of Co metal by the surrounding 
ligands. This destabilization is due to the shorter metal to 
ligand distances in Co(II) complexes with lower coordination 
number.  
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CHAPTER 4: SECOND ORDER NONLINEAR OPTICAL 
PROPERTIES PREDICTIONS FOR COVALENT ORGANIC 
FRAMEWORKS  
 
4.1 Introduction 
 
Structural information of molecular complexes is crucial 
for the understanding of their properties and function.  
However, the most accurate method to obtain this structural 
information of these molecules is X-Ray diffraction of a 
crystalline structure. However, one of the main challenge in 
the synthesis of crystalline structures is finding the 
correct conditions that lead to crystallization. Rational 
protocols for crystallization of molecules is nonexistent and 
usually molecules are crystallized with a trial and error 
methodology. Therefore, understanding the molecular mechanism 
leading to crystallization is crucial for the pharmaceutical 
industry1-4 and material science5-15.  
Reticular chemistry is the use of molecular building 
blocks to form extended structures16-17. This approach is often 
used as strategy to build crystalline materials18-19. A 
proposed to solution to aid in crystallization is to join 
metal ions with carbons and oxygen to produce metal organic 
frameworks. However, in addition to metal organic frameworks 
a new class of materials known as covalent organic frameworks 
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(COFs) are becoming a popular alternative16-17, 20-22. These 
materials are created by linking organic building units of 
predetermined structures which are composed entirely of 
covalent bonds between light elements (C, Si, B, O, N)8, 16-17, 
19, 22-24. It has been shown not only that the synthesis of 
ordered COFs is possible, but also that predesigned 
structures and properties can be achieved by carefully 
selecting the building blocks and their conditions for 
assembly.  
These COFs can be constructed from π-conjugated system 
with donor and acceptor molecular fragments. The crystals 
formed by these systems often possess non-linear optical 
(NLO) properties. Currently, there is a great demand for 
materials with NLO optical properties to be used for imaging25-
29, sensing30-31, among other applications31-33. Second Harmonic 
Generation (SHG) is one of the most used optical processes 
and it is a second order NLO property. SHG is defined as the 
following process: 1) two photons with the same frequency ω 
interact with a material and these two photons are coherently 
interfere each other, 2) the material is excited to an excited 
state, 3) the two photons combine to produce one wave with 
exactly double the frequency 2ω, 4) the material relaxes to 
the ground state configuration. 
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In order to design an effective material with second 
order properties, the compound must possess a large first 
order molecular hyperpolarizability, and also must 
crystallize in a non-centrosymmetric structure3. In addition 
to that, second order properties can be enhanced by increasing 
the delocalization of π-electrons with strong donor and 
acceptor groups. Another factor that increases the 
hyperpolarizability is the addition of more polarizable 
elements inside the conjugated chain.34 
Density functional theory (DFT) calculations can predict 
the hyperpolarizability tensor components35-39. This is done 
with the use of the finite field Berry phase approach. The 
use computational methods aids experimentally in rational 
design of the most efficient SHG material. 
In a collaboration with Dr.Uribe-Romo37-39 laboratory and 
using the continuing the work started by Yaghi et al24 we 
proceed to perform theoretical calculations in order to 
predict and optimize current structures. In addition to this 
we shall propose a designs with better performance.  
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4.2 Methods 
 
When a system is under influence of a field with strength  ?⃑? , 
its dipole moment can be expressed a Taylor expansion series 
in which the orders correspond to the field strengths: 
𝜇𝑖 = 𝜇𝑖
0 + 𝛼𝑖𝑗 ∙ 𝐸𝑗 + 𝛽𝑖𝑗𝑘 ∙ 𝐸𝑗 ∙ 𝐸𝑘 + 𝛾𝑖𝑗𝑘𝑙 ∙ 𝐸𝑗 ∙ 𝐸𝑘 ∙ 𝐸𝑙 + ⋯, 
 
Where 𝜇𝑖
0
is the permanent dipole moment of the unperturbed 
system, 𝛼𝑖𝑗 is the linear polarizability,𝛽𝑖𝑗𝑘,and 𝛾𝑖𝑗𝑘𝑙 are second 
and third order polarizabilities respectively. The 
hyperpolarizabilities tensor components are obtained by 
finding the rate of change of the dipole moment in respect to 
the applied electric field. In order to obtain the first hyper 
polarizability χ2, the second derivative of the dipole moment 
in respect to the applied field must be taken: 
𝛽𝑖𝑗𝑘 = 
𝜕2𝜇 
𝜕2?⃑? 
 
The static hyperpolarizability tensor components were 
predicted using CPMD computer program.40 CPMD uses the Berry 
phase41 approach combined with the infinite field method42. 
This method describes the periodic system as it interacts 
with a homogeneous finite electric field. Considering the 
symmetry of the system (cubic unit cell), we applied the 
external field in two direction (one coordinate and one 
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diagonal). The strength of the field applied were ∓ 0.00005 ∓
 0.0001, ∓ 0.0002,∓ 0.0004, 𝑎𝑛𝑑 ∓  0.0008 atomic units. This field 
strength magnitude values are the minimum needed to maintain 
a stable numerical derivative of the unit cell dipole moments 
with respect to the electric field.  
The wave function of the system without a field applied 
was optimized, and this wave function was used as basis for 
the ∓ 0.00005 on the axis and the diagonal calculations. The 
optimized wave function corresponding to the  ∓ 0.00005 a.u. 
field strength was used for the ∓ 0.0001 and so on until 
reaching ∓ 0.0008 field strength.  
 
4.3 Discussion 
 
The compounds presented are covalent organic framework 
synthesized by the means of reticular chemistry. The main 
idea was based on using building blocks consisting on 
triangular nodes of 2,3,6,7,10,11-
hexahydroxytriphenylene.and tetrahedral nodes of tetra(4-
dihydroxyborylphenyl)silane and the synthesis and 
characterization on of these compounds was done as described 
by El Kaderi et al.24 However our collaborator Dr.Uribe- Romo 
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have synthesized a new set of these crystals using Germanium 
and other ligands. For the purpose of this report, preliminary 
results are reported and the crystals studied are shown in 
figure 11. 
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Figure 11 Crystal Structures of the compounds experimentally synthesized 
by our collaborators. a) Sif103 correspond to the structure based on 
tetrahedral nodes of (4-dihydroxyborylphenyl)silane and b) Gef103 
correspond to the structure based on tetrahedral nodes of(4-
dihydroxyborylphenyl)germane. 
 
According to the crystallographic information files 
(cif) provided by our experimentalist collaborators, both of 
these structures were found to be have a cubic lattice cell 
88 
 
and correspond to the point group of I-43D. The crystal Sif103 
has a lattice parameter of a 28.4624 and angle of 90 and Gef103 
has an a of 28.7066 Å and angle of 90. An important factor to 
take into account is that these crystals are acentric, and 
this allow them to be used for SHG. 
In order to analyze if these structures were good 
candidate as SHG materials we performed simulations using the 
program CPMD as described in the methods section. Starting 
from the experimental structure in the CIF file we applied 
the external field in two direction (one coordinate and one 
diagonal). The strength of the field applied were ∓ 0.00005 ∓
 0.0001, ∓ 0.0002,∓ 0.0004, 𝑎𝑛𝑑 ∓  0.0008 atomic units. The dipole 
moment generated as response to the field was considered 
against the field strength to obtain the second order 
hypolarizability χ2 as shown in figure 12. 
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Figure 12 Plot of the electric field in atomic units versus the dipole 
moment in Debye for crystal sif103 and gef103. A polynomial plot is 
included along with the equation showing the value of the predicted χ2 
 
As shown in figure 12, the two structure show to have 
considerable χ2. Structure sif103 is predicted to have a χ2 of 
35,929, and gef103 results to have a χ2 of 34,626. When taking 
into perspective χ2 in respect to the usual standard (Urea) 
these two compounds (sif103 and gef103) are 1.85 and 1.78 
times better respectively.  
This second order non-linear activity is observed due to 
the delocalization of the molecular fragments and in order to 
design a crystal with enhanced χ2, two things must be taken 
into account: 1) increasing the charge separation of the 
90 
 
zwitterionic state, and 2) include into the conjugated system 
atoms that are more polarizable. 
Based on this principle deeper analysis of the molecular 
structure of sif103 was performed and this structure is shown 
in figure 13. It is proposed to instead of using the boroxine 
ring, the oxygen components should be replaced by a more 
polarizable atom such as Sulfur. 
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Figure 13 Molecular complex of the crystal sif103 
 
Following this idea, theoretical calculations were performed 
in this new compound def107 and as shown in figure 14, and 
its plot of the field versus the dipole moment is in figure 
15. 
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Figure 14 Molecular Formula of design 107 
 
 
Figure 15 Plot of the electric field in atomic units versus the dipole 
moment in Debye for designed crystal. A polynomial plot is included 
along with the equation showing the value of the predicted χ2 
 
An enhancement of more than two times magnitude of sif103 is 
observed 4.6 times higher than the urea standard and this can 
be explained due to Sulfur polarization properties in 
comparison to Oxygen. The reason for this is that sulfur has 
a greater number of electrons and having the effect of the 
nuclei in the charge distribution is diminished, due to the 
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bigger distance of the electrons from the nuclei increases 
the polarization of the atom.  
4.4 Conclusions 
 
Theoretical prediction were performed and an optimized design 
was proposed by simply enhancing the polarization in one of 
the atoms in the conjugated chain. Even though this is a 
preliminary work, the prospective materials that can be 
obtained these prediction are already more multiple 
magnitudes higher than the urea standard.  
The next design takes into consideration this and in 
addition to this tries to increase charge separation and 
include a better acceptor fragment. My hypothesis for this is 
to include a Phosphorus instead of silicon. The reasoning 
behind this, is that phosphorus is stable when it has one 
double bond and three single bond as observed in phosphoric 
acid. 
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CHAPTER 5: MECHANISM OF NONLINEAR OPTICAL 
ENHANCEMENT OF SUPRAMOLECULAR Zn+2 AND Cd+2 
SULFATES WITH PYRIDINE-4-ALDOXIME LIGANDS  
 
5.1 Introduction 
 
The rational selection of metal centers and organic 
ligands with suitable shape, functionality, flexibility, and 
symmetry plays a key role in producing metal−organic 
materials (MOMs) with desired structures and properties1-7. 
The versatile coordination abilities of Zn(II) and 
Cd(II)allow a wide variety of architectures resulting from 
the self-assembly of these metals with organic ligands.8-13 
Organic bridging ligands, which contain adjustable flexibility 
and connectivity information, play crucial role in 
construction and structural variations of coordination 
polymers (CP).14-16 
The phenomenon of supramolecular isomerism (SI) in MOMs 
was first generalized by Moulton and Zaworotko in 2001.17 For 
the past decade it has been disclosed in and enriched by a 
series of low and high dimensional MOMs. Although the origin 
of this phenomenon is not completely understood, and the 
generation of supramolecular isomers occurs primarily 
serendipitously, the interest to this event continues to 
102 
 
grow, and some reports declare the preparation of 
supramolecular isomers by design.18-22  
Recent examples demonstrate SI in individual Zn(II) and 
Cd(II)series,23-27 and although it was suggested that  the 
similar in electronic d10 configuration, but different in the 
radii Zn(II) and Cd(II) ions contribute to forming different 
coordination networks, these metals are also capable to 
produce from the same starting materials alongside the 
isomorphous crystal structures the supramolecular isomers 
distinguished either by the conformation of the bridging 
ligands or by the crystal packing of the identical 
coordination arrays.28-30  
Nonlinear optical (NLO) properties of MOMs are being 
investigated in relation to several technological 
applications, including optical communications and up 
conversion lazing.31 Third order nonlinearities, such as two-
photon absorption (2PA) present special interest, as they are 
not limited to non-centrosymmetric structures, unlike second 
harmonic generation and other second-order nonlinear optical 
properties.  
Several studies indicated32-33 that 2PA properties are 
enhanced by metal coordination in MOMs, when compared to free 
ligands. The mechanism of this enhancement is not well 
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understood. Supramolecular isomerism provides an excellent 
opportunity to investigate the role of ligand organization in 
the coordination sphere on 2PA materials design. Ligand 
assembly in MOM is more robust and well defined than non-
covalent aggregation of the chromophores, which was shown 
(both in crystalline phase34 and in aqueous solution35) to 
result in the coupling of the excited states of the monomers.  
In a dimer, this coupling produces symmetric and 
antisymmetric combinations, shifted up and down in energy 
with respect to the monomeric states. Since selection rules 
for 1PA and 2PA absorption differ, the blue shift on the linear 
absorption spectra is accompanied by the red shift on 2PA 
spectrum and vice versa. These findings were recently 
reported34-35 and confirmed.  
The sulfate anion, as a simple tetrahedral oxo-anion, 
has versatile coordination modes including monodentate, 
bidentate bridging, bidentate chelating, tridentate bridging, 
and even tetradentate bridging, thus providing extensions of 
structures. We have recently demonstrated that the 
combination of Zn(II) or Cd(II) sulfates with 2-pyao resulted 
in a series of MOMs through the successive substitution of 
water molecules by sulfate bridges in the metal coordination 
environments.36 From the crystal engineering viewpoint, this 
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gave rise to the hybrid solids of different dimensionalities, 
including mono-, binuclear, and 1D polymeric materials, whose 
interest for the materials science and primarily for NLO 
applications might arise from the acentricity of the 
synthetized 1D polymeric materials, [Zn(SO4)(2-pya)(H2O)2]n 
and [Cd(SO4)(2-pya)(H2O)]n, with the less amount of water in 
favor of sulfate anions in the metal coordination cores. 
Herein, the structures predicted NLO properties for these new 
crystalline solids is presented. 
 
5.2 Methods 
 
In order to rationalize the conformational differences 
between Zn and Cd complexes in position of the oxime ligands, 
the density functional theory calculations were performed 
using Gaussian09.37 The polarizable continuum model38-39 (PCM) 
was used, and a dielectric constant of 2 was used in order to 
simulate the crystalline environment. The M05-QX exchange-
correlation functional (formerly known as M05-11/4X)40 
obtained by interpolation between M05 and M05-2X functionals41 
and including 35% of the exact exchange. We used SDD Stuttgart 
effective core potentials for the metal atoms42 and D95 basis 
set for the other atoms.43  
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Prediction of the linear absorption spectra using linear 
response time dependent density functional theory44 (TD-DFT) 
nowadays is routine.45-47 Optimization and the acquisition of 
the minimum energy pathway of the excited state potential 
surface made it possible recently to predict emission 
spectra45, 48 (including dual emission36, 49-50) and photochemical 
reaction processes.51-53 In order to predict 2PA cross section 
profiles, we employed a posteriori Tamm-Dancoff approximation54 
(ATDA) to second order coupled electronic oscillator 
formalism,55-56 applied at the TD-DFT level. 
In this approximation, the excitation energies 𝜔0𝑋 and 
transition densities ξX between the ground and excited states 
are obtained as solutions to the habitual linear response TD-
DFT equations. Therefore, transition dipoles are calculated 
as a convolution of the dipole moment operator μ with 
respective transition densities. At the same time, Tamm-
Dancoff formulas are used to predict state-to-state transition 
dipoles μ and the differences between the permanent and ground 
state dipole moments since they are not available in linear 
response TD-DFT Both permanent57 and state-to-state transition 
dipoles75 calculated this way were validated previously by 
comparison with the high theory level coupled cluster 
results. These values are then used in the Sum over States 
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(SOS) expression58 to predict the two-photon transition matrix 
elements. All this formalism is implemented in an in a local 
version of Gaussian 09 code.  
 
5.3 Discussion 
 
The theoretical studies were performed on pyridine-4-
aldoxime (4-pyao) and Pyridine-4-amidoxime (4-pyamo) ligands 
and on the crystal structures synthesized by our 
collaborator. The molecular structure of the ligands and the 
monomeric complex units of these crystal is shown in figure 
15  
 
 
 
 
107 
 
Figure 16 Ligands Used in This Study: (a) Pyridine-4-aldoxime (4-pyao); 
(b) Pyridine-4-amidoxime (4-pyamo) monomeric complex units 1–5 with the 
partial atom labeling: (c) 1, (d) 2, (e) 3, (f) 4, and (g) 5. 
Since some of the crystals reported in this contribution 
belong to the centrosymmetric space groups, the second order 
nonlinearities vanish in crystals 1, 3, and 4 but can be 
observed in crystals 2 and 5 that belong to the acentric space 
groups.  
However, the optical nonlinearity of all the crystals 
studied may reveal itself in the third order of external 
field, such as the two photon absorption. Simultaneous 
absorption of two photons have important technological 
implications such as optical power limiting,53 up-conversion 
lasing,59 and chemical and biological sensing.60-61 However, 
2PA process has a relatively low probability, and molecular 
design, leading to enhancement of 2PA cross sections is 
attracting considerable interest.  
Recently, Cd-,33 Zn-,62-63 Ru-,64 and Pt-based65 MOMs had 
been reported with high two photon absorption cross-sections. 
Therefore, it is reasonable to question on whether crystals 
1–5 may be found to be efficient two-photon absorbing 
materials. Here, we used the structure of the crystals 1–5 in 
order to answer this question, and, perhaps, more 
importantly, to formulate the principles of MOM optimization 
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for the purposes of enhancing their nonlinear optical 
properties.  
Before we present our estimates for the crystals 1–5, 
one has to note that experimental investigation of 2PA spectra 
presents considerable challenge.66 For that reason, such 
investigation extends beyond the scope of present work. Also, 
one has to be careful when selecting the representative 
fragment of the crystal for the purposes of 2PA spectra 
prediction, as crystalline environment may affect the NLO 
properties.  
Investigation of the effect of the environment has been 
studied both experimentally34 and theoretically67-68 and found 
that stacking interactions of the conjugated π-systems, 
leading to H-aggregation35 in the solid state, affect the 
optical properties to a much greater degree than the 
herringbone (T-shaped) interactions of the phenyl rings.  
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Table 4 Properties of Free Ligands 4-Pyao and 4-Pyamo, Model Complexes 
Calculated at the TD-DFT Level M05XQ* 
System σ E λ μ(gf) Δμ(f) μ(gi) μ(if) 
4-pyao 3 5.00 248 1.12 0.3 1.72 0.84 
4-pyamo 6 4.51 275 1.23 2.28 0.26 0.88 
[Zn(4-pyao(H2O)5] 10 4.82 257 2.15 1.78   
[Cd(4-pyao(H2O)5] 11 4.88 254 2.14 1.98   
[Zn(4-pyamo(H2O)5] 12 3.71 334 1.35 2.93   
[Cd(4-pyamo(H2O)5] 12 3.95 314 1.24 2.98   
*The 2PA cross sections σ (in GM), excitation energies E (in eV), and absorption wavelengths 
λ (in nm) are reported. Also shown are the permanent dipole moments difference between 2PA 
absorbing (final, f) and ground (g) states, as well as transition dipole moments μ (in 
atomic units) from the ground to final, ground to intermediate (i, one photon absorbing) 
state, and intermediate to final states, respectively 
 
Table 5 Properties of the Monomer Complexes 1m-5m with Three Exchange-
Correlation Functionals: M05-QX, B3LYP, and CAM-B3LYP* 
Functiona
l  
B3LY
P   
M05Q
X   
CAM-
B3LYP 
System σ E λ σ E λ σ E λ 
1m 27 4.67 266 22 4.87 
25
5 15 
5.0
4 246 
2m 20 4.47 277 13 4.69 
26
4 9 
4.8
4 256 
 18 4.69 264 16 4.90 
25
3 11 
5.0
7 245 
3m 9 3.43 362 12 3.75 
33
1 11 
4.2
1 294 
 19 3.6 344 14 3.92 
31
6 15 
4.3
1 288 
4m 24 3.62 322 26 4.05 
30
6 21 
4.3
9 282 
5m 12 3.59 346 10 3.99 
31
1 11 
4.3
3 287 
 15 3.69 336 14 4.10 
30
2 13 
4.4
4 279 
*The 2PA cross sections σ (in GM), excitation energies E (in eV), and absorption wavelengths 
λ (in nm) are reported. Also shown are the permanent dipole moments difference between 2PA 
absorbing (final, f) and ground (g) states, as well as transition dipole moments μ (in 
atomic units) from the ground to final, ground to intermediate (i, one photon absorbing) 
state, and intermediate to final states, respectively 
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Among the structures reported in this work, the largest 
stacking overlap is found in crystal 5. Comparison of 2PA 
cross sections for the monomeric complex and their stacking 
dimer found in the crystals of 5 demonstrates insignificant 
shifts in both pick position and this height. For this reason, 
we only report 2PA results for the monomeric complexes in 
crystals 1–5 in figure 15 
As one can see from the Table 4, two-photon absorption 
cross sections of the complexes 1m−5m is in the range of 18−25 
GM, similar to that of green fluorescent protein 
chromophore.69 These values present considerable enhancement 
compared to 2PA cross sections of the 4-pyao and 4-pyamo 
ligands (3 and 6 GM, respectively). Comparison with the model 
complexes shows that if one of the two organic ligands is 
substituted with the water molecule, 2PA efficiency is 
reduced by half, and still exceeds the 2PA cross section of 
the isolated ligand by 2−3-fold.  
In order to further investigate the origin of this 
enhancement, we analyzed 4-pyamo in greater details. The 
HOMO−LUMO transition in this molecule corresponds to the 
singlet excited state with large oscillator strength and 2PA 
cross section. According to two-state model for the polar 
chromophores, this cross section is proportional to the 
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squared change of the permanent dipole moment upon excitation 
and squared transition dipole moment to the ground state. 
These permanent and transition dipole moments are also listed 
in Table 4. 
After Zn(II) coordination, the LUMO remains localized on 
the ligand, but it is somewhat destabilized and polarized 
toward the metal, so that the dipole moment change upon 
excitation is increased from 2.3 and 2.9 D. As the result, 
the resonant 2PA cross section of this state nearly doubles. 
Addition of the second ligand in orthogonal conformation and 
formation of the complex 3m results in appearance of another 
as shown in table 4, nearly degenerate state, localized on 
this added ligand, with a similar 2PA cross section. The two 
peaks overlap on 2PA spectrum and increase the resulting cross 
section by ∼50%.  
The situation is somewhat different for the complex 4m, 
however. Here the essential states, localized on two ligands, 
mix. Resulting symmetric combination has high oscillator 
strength and is somewhat stabilized. Antisymmetric 
combination, on the other hand, has zero oscillator strength 
and is slightly destabilized in energy (J-aggregate type 
state coupling). According to the three-state model for 
symmetric chromophores, 2PA cross section for this state is 
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proportional to the squared product of two transition dipole 
moments: one between ground to intermediate 1PA state, and 
another one is 1PA to the final 2PA state. Resulting 2PA cross 
section of antisymmetric combination more than doubles 
compared to the initial ligand localized states.  
In order to test sensitivity of out 2PA predictions to 
the exchange-correlation functional used, we report the 
results obtained with widely used functionals B3LYP and CAM-
B3LYP in table 5 as well. The functionals contain 20% and up 
to 60% of the Hartree−Fock exchange, respectively, as 
compared to 35% of HF exchange in M05-QX. One can see that 
B3LYP and CAM-B3LYP shift the 2PA resonance almost uniformly 
(by ∼10 nm) to the longer and shorter wavelengths, 
respectively.  
The 2PA cross sections are also increased or decreased 
by ∼25% and (in the case of two 2PA bands) their intensity 
is slightly redistributed. These variations, however, do not 
change our quantitative conclusions on the mechanisms of 2PA 
enhancements upon the complex formation. In order to analyze 
the differences in conformations between Zn and Cd complexes, 
we performed the potential surface scan at M05-QX/SDD theory 
level. A model complexes 6m and 7m were built, where 
octahedral coordination around Zn (6m) or Cd (7m) was 
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saturated by four water molecules in the equatorial plane, 
while two axial positions were occupied by two 4-pyao 
molecules. The torsion angles between the pyridine rings were 
fixed at values between 0.0° and 180.0°, with 10° step size. 
All other degrees of freedom were optimized. 
The resulting potential curves were found to have minima 
at nearly perpendicular conformations in 6m, and at coplanar 
conformations for 7m. The rotation barrier in both cases was 
found to be close to 1.4 kcal/ mol. This difference was 
attributed to the lower energy level of the Cd 4d-orbitals, 
which allow them to participate more effectively in the 
conjugation with both π-systems of the oxime ligands.  
This conformational energy preference is fairly small, 
but apparently sufficient to result in different packing 
modes of analogous complexes in crystal.  
 
5.4 Conclusion 
 
The set of complexes were investigated as potential two-
photon absorbing chromophores. TD-DFT calculations predict 
that metal coordination considerably enhances nonlinear 
optical response of the conjugated ligands. Detailed analyses 
of the electronic structure reveals the mechanism of this 
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enhancement. Metal coordination polarizes the LUMO, 
increasing the permanent dipole moment of the excited state, 
and its 2PA cross section. Coplanar coordination of the two 
ligands in Cd(II) complex more than doubles the 2PA cross 
section due to J-aggregate type state coupling.  
Nonplanar conformation of the two ligands in Zn(II) 
complexes results in less pronounced enhancement of NLO 
properties. Our continuous efforts are aimed at the further 
modifications of these solids by consecutive substitution of 
water molecules by sulfate ligands in the metal coordination 
environment.  
Computational predictions reported herein, should assist 
in design of new coordination polymers with expected 
nonlinear optical properties. Coordination polymers 1−3 also 
reveal ligand-based luminescence properties in the solid 
state. 
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CHAPTER 6: THEORETICAL STUDIES OF TWO-PHOTON 
EXCITED PHOSPHORESCENT PORPHYRINS BASED SENSORS 
FOR OXYGEN IMAGING AND OTHER BIOLOGICAL 
APPLICATIONS 
 
6.1 Introduction 
 
Currently there is a great endeavor in finding efficient 
sensors, and this is due to their versatility of applications. 
The extensive search for efficient two photon absorbing 
materials is essential due to the potential innovative 
applications. Chromophores with high two-photon absorption 
cross-sections are useful for certain applications such a as 
microscopy1, bioimaging2-10, sensing.11-15 among many others. 
It is of great interest to aim these potential 
applications toward the biomedical field, because this 
sensors can aid in visualizing the cellular environment.16-20 
In order to visualize this environment, it is important to 
note that the biological tissue optical window lies in the 
range of 600-1300 nm. This implies that linear absorption 
sensors are not useful for these biological applications, due 
to the high amount energy that needs to be used to bring these 
sensors to the desired excited state. Consequently this 
increases that probability of damaging the biological 
tissue.21-24  
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In order to be inside this wavelength range two photon 
absorbing materials must be designed and optimized. The 
simplest description of the two photon absorption process is: 
1) the chromophoric material is excited to a higher state by 
simultaneous Absorption of two photons, 2) this is followed 
by internal conversion (IC) to the lowest singlet excited 
state S1 and then, 3) the excited singlet may decay back to 
the ground state S0 by emitting fluorescence.  
The common approach taken to design new two photon 
absorbing sensors consist on building a molecule with 
excitation affinity that is able to achieve a competitive 
cross section and quantum yield. In the purpose of aiding the 
effort to find an efficient sensor to image the brain, we 
propose to find the mechanism of two photon absorption, and 
enhance its cross-section. The quality of the 2PA cross-
section is highly associated with the extent of the 
conjugation length, this is due to its contribution to enhance 
the transition dipole moment. This is clearly seem when 
analyzing the essential HOMO to LUMO orbitals in which 
transition occurs.25-29 The transitions on this type of sensors 
have a change in fluorescence intensity in their bound states 
due to intramolecular electron transfer quenching.30 
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 This type of material can also be engineered to act as 
efficient photosensitizer. The process starts by excitation 
mediated by absorption of two photon to a higher state 
followed by internal conversion (IC) to the lowest singlet 
excited state S1, and this excited singlet may decay back to 
the ground state S0 by emitting fluorescence.  However 
the goal is to engineering molecules that are more likely to 
undergo S1→Tn intersystem crossing (ISC) to the triplet state.  
 The highest triplet state Tn then decays to T1 and 
eventually returns to S0 by emitting phosphorescence, which 
is a relatively slow process. In order to control this 
process, the system is introduced to the presence of molecules 
that induce triplet annihilation process (direct transfer of 
triplet excitation energy or quenching) to reduce the quantum 
yield of phosphorescence, this process is shown in figure 16. 
132 
 
 
Figure 17 Jablonski energy diagram for the two photon absorption 
photophysical process which undergoes intersystem crossing toward the 
triplet state. After the triplet state the system relaxes media 
phosphorescence or energy transfer toward a quencher molecule. 
For a long time porphyrins have been used as for photodynamic 
therapy (PDT) as photosensitizer.31 Porphyrin molecules 
consists of four aromatic pyrrole rings joined by methyne 
groups in a conjugated heterocycle as shown in figure 17. 
 
Figure 18 Porphyrin molecule consists of four aromatic pyrrole rings 
joined by methyne groups in a conjugated heterocycle. Porphyrin dianion 
can form a tetradentate complex with transition metal M2+. 
 
The porphyrin base molecule contain a closed-conjugated 
aromatic 18 π-electron system, which planarity can be 
N
N N
N
M
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modulated by the interaction of substituents in the meso 
position. Gourterman’s four orbital model describes the 
absorption properties of porphyrin to be caused by 
transitions within the two occupied molecular orbitals (HOMO) 
and the two lowest unoccupied molecular orbitals (LUMO).32 It 
is know that the absorption spectra for one photon absorption 
is composed of a Soret band (an intense band found around the 
400nm range and a set of Q-band found between 500 and 650nm 
that intensity decreases as the wavelength increases.33  
Porphyrins has been found to have resonance enhancement 
of 2PA when the excitation wavelength is tuned close to the 
one photon allowed Q-band transition and when porphyrins are 
substituted by means of symmetrical or asymmetrical fashion, 
the cross-sections is known to be enhanced in the near IR 
region.34-35 The excitation of free base porphyrin molecule 
leads to internal conversion to the lowest singlet excited 
state S1. After that, about 5% of the Molecules decay back to 
the ground state S0 by emitting fluorescence, while ~90% of 
them undergo S1→T1 intersystem crossing (ISC) to the lowest 
triplet state.36 The T1 then decays into S0 by emitting 
phosphorescence, which is a relatively slow process as shown 
in figure 18.  
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The absorption (both 1PA and 2PA) into higher singlet is 
followed by vibrational relaxation into the lowest singlet, 
which is converted to triplet by intersystem crossing (ISC), 
followed by phosphorescence. This phosphorescence is strongly 
quenched by oxygen molecules, and serves as an indicator for 
O2 concentration. High triplet quantum yield makes porphyrin 
complexes useful for a number of applications, including 
optical imaging of the oxygen concentration in biological 
tissues.14-15, 37-39  
Light propagation in biological tissues is a complex 
function of scattering and absorption, which in turn, are 
dependent on cellular structure and molecular composition. 
Scattering originates from inhomogeneity in tissue, 
determined by refractive index discontinuities occurring both 
between and within cells. The spectral region between 600-
1300 nm is considered to be the tissue optical window since 
both absorption and scattering losses are minimal through 
this interval.21  
Two-photon excited phosphorescence is perfectly suited 
for deep tissue imaging for two reasons: (1) both excitation 
and emission wavelengths fit this optical window, and (2) a 
quadratic dependence in the intensity of light, which limits 
the electronic excitation and subsequent processes to the 
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tightly localized focal point of the laser beam. The design 
of the porphyrin chromophores with large two-photon 
absorption cross-sections is critically important for high-
sensitivity imaging of oxygen concentrations in tissue.37  
Phosphorescent imaging probes based on porphyrin 
dendrimers are functional macromolecules purposely designed 
to mimic heme-containing proteins, in which hemes are buried 
deep inside polypeptide macrostructures and protected from 
direct interactions with solvent and solutes. In porphyrin-
based oxygen probes, dendrimers serve to provide well defined 
nano-environments for optically active cores (Pt or Pd 
porphyrins), and in order to control the sensor excitation 
after radiation has been applied to the system and to create 
an interface between phosphorescent cores of the probes in 
biological systems.14-15, 38-40 This is a property needed for 
tuning the sensitivity and the dynamic range of the oxygen 
measurement method 41  
Biological systems can be measured optically by the 
phosphorescence quenching method using probes with 
controllable quenching parameters and defined bio-
distributions. Such probes are delivered directly into the 
medium of interest, where they serve as molecular sensor for 
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oxygen. This technique can be modified to transfer the energy 
to other chromophores in order to obtain more contrast. 
 
6.2 Methods 
 
The synthetic procedure for the metal porphyrins was 
described previously42. All quantum chemical calculations were 
performed using the Gaussian 2009 suite of programs.43 Density 
Functional Theory (DFT) was used with M05-QX exchange-
correlation functional, which was derived44 by interpolation 
between M05 and M05-2X functionals.45 It  includes 35% of the 
exact exchange and it predicts the energies of the electronic 
states with higher charge transfer character more accurately 
when compared to the commonly used functionals (such as 
B3LYP).   
The SDD Stuttgart effective core potentials was chosen 
for the metal atoms46 and D95 basis set47 with no diffusion 
functions was used for the other elements in order to prevent 
the artificial Rydberg contributions into the valence excited 
states25, 48. The energies and oscillator strengths, necessary 
for the prediction of the linear absorption spectra were 
calculated using time dependent density functional theory49 
(TDDFT). 
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In order to predict  the resonant 2PA cross sections, we 
combined 2PA matrix element sum-over-state formalism50 with a 
posteriori Tamm-Dancoff approximation51 (ATDA) to the second 
order coupled electronic oscillators formalism.52-53 ATDA uses 
CIS formulas for the permanent dipole moments of the excited 
states, and transition dipole moments between the exited 
states. It was recently validated to produce accurate values 
for both and 2PA cross-sections,25 and permanent dipoles of 
the excited states.27 The ATDA method has been implemented in 
the local version of Gaussian 09 code.  
Its predictions were found to be in close agreement with 
experimental 2PA profiles for a wide range of NLO 
chromophores.11-13, 26, 54-59 The Gaussian lineshapes of 0.1 eV 
width was used to simulate the spectral profiles. 
 
6.3 Discussion 
 
Multiple Porphyrin derivatives were synthesized by our 
collaborators,42 and two specific cases are analyzed and 
reported: 1) a case in which the substituents of the pyrrole 
ring are 1,2-dicarboxylic acid di-isononyl ester, 
Pttchp(CO2Bu)8 and 2) a case in which the pyrrole ring is 
substituted with 1,2-Benzenedicarboxylic Acid, di-isononyl 
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ester Pttbp(CO2Bu)8 as shown in figure 18.  The purpose of our 
theoretical work is to investigate the effect of the aromatic 
ring in the porphyrin derivative and to describe the behavior 
of the transition dipole moments in respect to the absorption 
in the Soret band.  
It has been shown before that when porphyrin derivatives 
have no aromatic substituent on the pyrrole ring may undergo 
distortion.33 This distortion is caused by electronic 
vibrations, and these electronic vibrations are known to 
alter the allowed transitions in optical processes by 
breaking the symmetry of the wave function.  
  
Figure 19 Molecular structure of a) Pttchp(CO2Bu)8  and b) Pttbp(CO2Bu)8 
 
In order to take into account the distortion due to the 
molecular vibrations in Pttchp(CO2Bu)8, its geometry of the 
excited state was optimized and then the force constants, the 
displacement resulting from vibrational frequencies,and their 
intensities are calculated using the keyword: Freq. The range 
of coordinate change concerning the stretching and 
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compression of the bonds was then added to the initial 
optimized structure. All the vibrational modes were 
calculated as expressed in the methods section and the 
electronic absorption spectra were predicted for the 
vibrational mode of Pttchp(CO2Bu)8  which followed 
experimental data. 
The selected vibrational mode which corresponds with the 
experimental spectra consist on major coordinate changes in 
the Pt tetradendate and on the four cyclohexane substituent 
located in the pyrrole regions. On the cyclohexane the mayor 
regions undergoing distortion are positions 1 and 2 which 
contains the (CO2Bu) groups. Both the experimental and 
predicted spectra are shown in figure 19.  
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Figure 20 a) Experimental spectra of Pttchp(CO2Bu)8 b) Predicted 
absorption electronic spectra of Pttchp(CO2Bu)8 using TD-M05QX theory 
level 
 
The experimental electronic spectra as shown in figure 19a, 
contains an intense absorption peak in the 380nm and a smaller 
one at 534nm corresponding to one photon spectra. It also 
contains a small two photon absorbing peak at the 490nm range. 
The predicted spectra as shown in figure 19b, is in agreement 
with experimental, except for the usual shift to the blue 
side consistent with a translation of about 40nm. In the case 
of one photon absorption the very intense peak lies in the 
348nm and it is generated by the absorption of two symmetric 
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excited states with oscillator strength of 1.456 and 1.52 as 
shown in table 6a.  
The transitions generating this peak corresponds to 
excited state 8 HOMO to LUMO+1 and 9 HOMO-1 to LUMO+1 essential 
Kohn-Sham orbitals are shown in figure 20. However the nature 
of this transition consist in a charge transfer originating 
from the pyrrole groups toward the Pt and the methyne linkers.  
The small absorption peak is located at 496nm and it has 
an oscillator strength of 0.237 from the first excited state 
generate by a HOMO to LUMO transition also shown in figure 20. 
The nature of this transition concerns a charge transfer from 
the pyrrole to the metal.  The two-photon absorption peak is 
located in the 430nm region is generated by the 4th excited 
state, which receives contribution by the transition dipole 
moment multiplication of excited state 1 and 2. The nature 
and leading configuration of this transition is a HOMO-2 to 
LUMO local charge transfer in which the charge delocalized all 
over the aromatic system and the metal also shown in figure 
20.  
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Table 6 a) Relevant parameters of the lowest 9 excited singlet states and 
b) calculated transition dipoles leading to two-photon absorption in  
Pttchp(CO2Bu)8 
State   λ, nm Oscillator 2PA 
1 496 0.237 0.008 
2 463 0.045 0.024 
3 460 0.003 0.327 
4 430 0.000 12.603 
 5 388 0.000 0.290 
6 377 0.000 0.018 
7 357 0.020 0.007 
8 348 1.456 0.007 
9 346 1.252 0.029 
 
2PA 
State 
Source 
State 
Transition Dipole Moment 
(Debye) 
Dipole 
Strength 
  x y z  
4 1 -0.5674 -0.0016 -0.0032 0.3220 
 2 -0.0006 0.001 -0.4483 0.2010 
 
State Leading Configuration Amplitude Wavelength Oscillator 2PA 
1 HOMO  LUMO 0.6507 496 nm 0.237 0.008 
2 HOMO-1  LUMO 0.5603 463 nm 0.045 0.024 
4 HOMO-2  LUMO 0.6890 430 nm 0.000 12.603 
8 HOMO  LUMO+1 0.5655 348 nm 1.456 0.007 
9 HOMO-1  LUMO+1 0.6431 346 nm 1.252 0.029 
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Figure 21 Essential Kohn-Sham orbitals for Pttchp(CO2Bu)8 
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Figure 22 a) Experimental spectra of Pttbp(CO2Bu)8 b) Predicted absorption 
electronic spectra of Pttbp(CO2Bu)8 using TD-M05QX theory level 
 
The experimental electronic spectra of Pttbp(CO2Bu)8 as shown 
in figure 21a contains an intense absorption peak in the 422nm 
and a smaller one at 606nm corresponding to one photon 
spectra. It also contains an intense two photon absorbing 
peak at the 400nm range. Our prediction are once again in 
close agreement with the experimental measurement. Our 
prediction is shown in figure 21b and is described as follows: 
for the case of one photon absorption the very intense peak 
lies in the 389nm and it is generated by the absorption of 
two symmetric excited states 4 and 5 with oscillator strength 
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of 1.55 (as shown in table 7a) and the nature of this 
transition correspond to a charge delocalization from the 
aromatic substituents into the metal center originating from 
the HOMO-1 to LUMO orbitals as shown by the essential Kohn-
Sham orbitals described in figure 22. This transition is 
stabilized by the methoxy substituent of the benzene ring.  
The small absorption peak is located at 545nm and it has 
an oscillator strength of 0.466 and it also correspond to the 
contribution of excited states 1 HOMO to LUMO and excited state 
2 HOMO to LUMO+1 (symmetric states) and its mechanism 
correspond of LMCT stabilized later by the methoxy groups 
also shown in figure 22. The two-photon absorption peak is 
located in the 354nm region is generated by the 8th excite 
state with a HOMO to LUMO+2 transition. This transition 
receives contribution by the transition dipole moment 
multiplication of multiple lower excited states as shown in 
table 7b. The nature of its transition is a MLCT from the Pt 
tetradendate complex toward the aromatic substituent 
stabilized by the methoxy substituents.    
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Table 7a) Relevant parameters of the lowest 9 excited singlet states in 
Pttbp(CO2Bu)8, b) calculated transition dipoles leading to two-photon 
absorption and c) leading configurations of absorbing states. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
State   λ, nm Oscillator 2PA 
1 545.6 0.4667 0 
2 545.6 0.4666 0 
3 391.06 0.0001 0 
4 389.62 1.5554 0.0003 
5 389.62 1.5551 0.0005 
6 380.28 0 58.5814 
7 379.75 0 23.0898 
8 354.83 0 783.1727 
2PA 
State 
Source 
State 
Transition Dipole Moment 
(Debye) 
Dipole 
Strength 
   x y z   
  1 1.6565 0.0054 1.318 4.4811 
8 2 1.318 0.0043 -1.6561 4.4798 
  4 -0.7762 -0.0026 0.6888 1.0769 
  5 0.6889 0.0023 0.776 1.0768 
State Leading 
Configuration 
Amplitude Wavelength Oscillator 2PA 
1 HOMO  LUMO 0.65068 545 nm 0.466 0 
2 HOMO  LUMO+1 0.65066 545 nm 0.466 0 
4 HOMO-1  LUMO 0.63124 389 nm 1.555 0 
5 HOMO-1  LUMO 0.63125 389 nm 1.555 0 
8 HOMO  LUMO+2 0.59524 354 nm 0 783 
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Figure 23 Essential Kohn-Sham Orbitals for in Pttbp(CO2Bu)8  
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6.4 Conclusion 
 
Among the porphyrin derivatives studied, two specific 
phorphyrins were further investigated in order to find the 
effects of the aromatic substituents adjacent to the pyrrole 
ring. In Pttchp(CO2Bu)8 the vibrational contributions allowed 
enough distortion which resulted in having an allowed 
transition for 2PA absorption. The mechanism of this 
transition is a Metal to ligand charge transfer. Theoretical 
predictions of both 1PA and 2PA spectra are found to be in 
close agreement with experimental measurements.  
For Pttbp(CO2Bu)8 the mechanism of 2PA was confirmed by 
our calculations to be related due to eight alkylcarboxy 
substituents which performed a drastic enhancement of the 2PA 
cross-sections in the range of wavelengths studied. Detailed 
analysis of the electronic structure (indicates that 2PA 
absorbing state is eights excited singlet (S8). It consists 
of mostly HOMO to LUMO+2 transition, and is coupled to strongly 
1PA allowed Soret (S4/S5) and Q-bands (S1/S2) by large 
transition dipoles. 
Although similar states are found in other porphyrins 
studied, alkylcarboxy substituents stabilize the LUMO+2 
orbital by their strong π-acceptor effect, lowering the 
transition energy to the observable wavelengths range. 
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